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Appendix A Composite Plots, comprises test data compiled and plotted from all organizations that 
participated in the Rem& Concrete Coutaiument Vessel (PCCVI Round Robin Pretest Analysis. 
To avoid duplicating the composite infamatiou, iudividual sets of data and/or plots have been 
omitted hm participants’ reports. In some cases this action resulted in disconnects between callouts 

and content and in the numbexing of figures, tables, and pagination in some reports. 

In Appendix I, “INER, Institute of Nudear Energy Research, CIGXI,” discontinuity arises from 
omitting the following mamiak 

Attachmeut 1, standard output location list 
Attachment 2, standard output location plots 
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1. Finite Element Modeling of PCCV 

Referring to the outline sketch of the PCCV model shown in Design Package [ 1,2] 

Fig. 1, the PCCV is modeled as an axisymmetric structure with the penetrations on 

the cylinder, the wall thickness variation around these penetrations and the extruding of 

the buttress be neglected in this work. Using a general purpose computer program of 

stress analysis, ABAQUS [3], a 2-D axisymmetric shell element was first considered in 

the finite element modeling of PCCV for simplification. However, the use of this 

model implies that the tendons on top of the dome are arranged radiantly, which differs 

considerably from the actual arrangement shown in Design Drawing No. PCCV- 

QCON-11 Dome Prestressing Tendon Arrangement. The radiant tendon arrangement 

on top of the dome is too dense for the case. Consequently, convergence for the 

model calculation could not be reached due to the unsustainably large pre-loads on the 

dome top element when tendon pre-loading was imposed to this finite element model. 

The 2-D axisymmetric shell element model was later discarded accordingly. 

Considering the arrangement of the vertical tendons shown in Design Drawing No. 

PCCV-QCON-11, it is clear that the structure is symmetric to cross-section lines of 

angles O”, 45”, 90°, and 135”. Therefore, finite element modeling on l/8 of the circle 

is adequate for the case and the portion from 135” to 180” in the figure is selected for 

modeling. Cartesian coordinates are used with the origin set at the center of the top 

surface of the basemat. Positive X is in the direction of 270” whereas positive Y lies 

on the line of 180”. In addition, upward direction is set for positive Z. The dome 

and the cylinder are both modeled using ABAQUS 3-D shell element, S8R. Each 

element has 8 nodes with 6 degrees of freedom at each node and 4 integration points. 
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The basemat is modeled with ABAQUS 3-D solid element, C3D20. Each element 

has 20 nodes with 3 degrees of freedom at each node and 27 integration points. The 

finite element mesh of PCCV considered is as shown in Fig. 1. In addition, the 

interface elements on the bottom of the basemat, which allow the basemat to deform 

bwards freely when imposed by internal pressure or pre-loads are also used in the 

current model. These interface elements can also prevent the PCCV from digging 

into ground by its own weight as well as taking into account the effect of the weight of 

basemat. Thus, the result in our preliminary study on this PCCV problem regarding to 

the unreasonable deformation of basmat occurred can be removed. 

2. Material Properties 

2.1 Concrete 

Concrete can be classified by its compression strength into high strength concrete 

and normal concrete for use in the PCCV model. Referring to Design Package Table 

5, high strength concrete is seIected with compression strength fc’ = 44.13 MPa (6860 

psi) and elastic limit fy = 0.3 fc’= 14.19 MPa. In addition, according to a formula 

suggested by AC1 Committee 318 (ACI, 1989), the initial modulus of elasticity of 

concrete EC = 57OOfi = 4721000 (psi) = 32552 (MPa), and Possion’s ratio ( 1/ ) is 

equal to 0.2. The maximum tensile strength (f,‘) is calculated using ft’ = 4fi= 

331.3(psi) = 2.284 (MPa) as suggested by ASCE. The Stress-Strain correlation of 

plastic region applied is from Saenz (1964), which is 

7. 
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Ecs 
CT= 

[l+(R+RE-2)(E)-(2R-1)(z)2 +R(zg] 
EC EC &c 

Table 1 shows the corresponding stress for E equals to 0.0007, 0.001, 0.015, 0.002, 

6.0025, and 0.003. 

The maximum compression strength (fc) for normal concrete is given in Design 

Package Table 5 to be 39.16 MPa (5680 psi). The other related material properties 

can be calculated using the formulas described previously. They are fL = 0.3 fc’ 

=11.75 MPa, EC=29619 MPa and $‘=2.078 MPa. Possion’s ratio ( Y ) is also equal to 

0.2 for normal concrete. The stress-strain data for normal concrete is listed in Table 2. 

Figures 2 and 3 show the stress-strain curves for these two types of concrete. 

2.2 Tendon 

The stress-strain data for the tendon, which is derived for PCCV Design Package, is 

listed in Table 3. Figure 4 shows a curve plotted using the data in the table. The 

yielding stress of tendon is set to be 1482.5 Mpa with the average stress at 0.7% of 

strain. Dividing the yielding stress by 0.7% gives the Young’s modulus, E=211784 

MPa 

2.3 Rebar 

The rebars used to construct PCCV model can be categorized into 11 different types 

by the material and the size. The typical stress-strain curve of these rebars is shown 

in Figure 5 by use of the data compiled from the Design Package. Table 4 shows the 
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values of these data point on the idealized stress-strain curves for these rebars. 

2.4 Liner 

From the data provided in the Design Package, the yielding stress can be set to be 

375 MPa for liners, and the corresponding Young’s modulus is 22800 MPa while a 

yielding strain of 0.164% is taken into account. Since the thickness of the liner (1.6 

mm) is much smaller than that of the concrete (32.5 cm), the effect of the liner on the 

PCCV strength is insignificant. Therefore, it is assumed that the stress of the liner 

remains constant beyond the yielding point. The simplified stress-stain curve is 

shown in Figure 6. 

3. Tendon Pre-loads 

For simplification, the friction effect is neglected and the tendon pre-load is set to be 

a constant, being the average pre-load of the tendon between the loading point and the 

fixed point. For vertical and hoop tendons, the pre-loads are 109.45 hips and 90.3 

hips, respectively. The prestress can be calculated by dividing the pre-load by the 

cross section area of the tendon (0.525451 in’=339 mm’), which yields 208300 psi 

(1436 MPa) for the vertical tendon and 17 1850 psi (1185 MPa) for the hoop tendon. 

4. Boundary Conditions 

Assuming that all the nodes in the center line of the basemat are fixed in place, the 

nodes on the boundary of both sides can only move in radial and Z directions due to 

symmetry. There is no movement in the hoop direction. 
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5. Loadings 

PCCV loadings include: a. tendon pre-loads as described in the previous section; b. 

weight of PCCV, only the concrete weight of the dome and the cylinder is considered, 

neglecting the weight of tendons and rebars embedded in the concrete. In addition, 

the weight of the basemat and liners is also neglected; c. internal pressure of PCCV, the 

pressure imposed on the inner walls of the cylinder and the dome, and the top surface 

of the basemat. According to Riks method which is an approach of proportional 

loading increment employed for nonlinear analysis in ABAQUS, during the internal 

pressure buildup process, ABAQUS can adjust the pressure increment correspondingly 

to the deformation of the structure. As the pressure increment approaches 0, no more 

stress can be added to the structure and the PCCV will reach its limitation of 

compression. 

6. Results and Discussions 

As shown in Figure 7, the deformation of the PCCV under pre-loads, the model 

contracts downwards as well as inwards. With internal pressure imposed, the Z 

displacement of the node (584) on top of the dome is plotted against the internal 

pressure as shown in Figure 8. Owing to the weight of the dome and the cylinder as 

well as the pre-loads of tendons, the dome top node is displaced 3.46 mm downwards 

initially. As the internal pressure increases, the dome top node is gradually lifted and 

so is the basemat. As the internal pressure reaches 0.6942 MPa (101.5 psi), 1.78 

times the design pressure of 0.39 MPa (57 psi) for PCCV prototype, cracks start to 
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develop at and near the junction of the cylinder and the basemat. The deformation of 

the PCCV at this internal pressure is shown in Figure 9 and the corresponding stress 

distributions in the hoop and the meridian directions for inner and outer sides of the 

PCCV are shown in Figure 10 - 13. As the internal pressure reaches 0.8124 MPa 

(118.7 psi), 2.08 times the design pressure for PCCV prototype, the PCCV has reached 

its limitation of compression. The deformation of the PCCV at this internal pressure 

is shown in Figure 14 and the corresponding stress distributions in the hoop and the 

meridian directions for inner and outer sides of the PCCV are shown in Figure 15 - 18. 

Originally, the result with the basemat deflected downwards slightly which maybe 

due to the weight of the dome and the cylinder had been obtained in our preliminary 

study. However, this will disagree the real practice. In current model, the finite 

element model with interface elements on the bottom of the basemat has been 

employed. Basemat will thus to be allowed to deform upwards freely when it is 

imposed by internal pressure or pre-loads. These interface elements can also prevent 

the PCCV from digging into ground by its own weight as well as taking into account 

the effect of the basemat weight. With the modification, the model becomes closer to 

reality and hopellly more accurate analysis can be obtained. 

7. Recommendation 

As the above mention in this report, the axisymmetric model with l/8 azimuth circle 

of the overall PCCV has been developed using the ABAQUS finite element analysis 

program. The plastic instability of the PCCV is thus analyzed and the limitation of 

the internal pressure which PCCV can sustain has also been obtained successfully. 
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But it is worth to note that the current result is for the global structural behaviors of 

PCCV subjected to the internal pressure, the local responses near the penetration, 

airlock and equipment hatch are still not obtained yet. For the results near those areas, 

more detailed models with substructure modeling or a full 3-D modeling need to be 

used in the future. 
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Table 1. Stress - Strain Data for High Strength Concrete 

Stress 

0.0007 1 2925.5472 (psi) = 20.17 Mpa 1 

I 3942.2311 (psi) = 27.18 Mpa 
I 

0.0015 
I 

5296.3478 (psi) = 36.52 Mpa 
I 

0.002 6212.0682 (psi) = 42.83 Mpa 

0.0025 I 6712.1024 (psi) = 46.28 Mpa I 

I 6860.0435 (psi) = 47.30 Mpa 
I 

Table 2. Stress - Strain Data for Normal Concrete 

Stress 

0.0007 I 
2533.9563 (psi) = 17.47 Mpa 

1 

I 3367.0129 (psi) = 23.22 Mpa I 

0.0015 I 
4450.4913 (psi) = 30.69 Mpa 

I 

I 5 171.4007 (psi) = 35.66 Mpa I 

0.0025 
I 

5563.2655 (psi) = 38.36 Mpa 
I 

I 5679.4779 (psi) = 39.16 Mpa I 
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Table 3. Stress - Strain Data for Tendon 

Strain (%) 

Spe. 1 
0.0 0 
0.7 1468.4 
0.8 1611.1 
0.9 1701.8 
1.0 1752.8 
1.2 1785.0 
1.5 1811.4 
2.0 1848.0 
2.5 1883.4 

Stress (Mpa) 

Table 4. Stress - Strain Data for Rebar 
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Fig. 1. Finite Element Model of PCCV 
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Fig. 2. Stress - Strain Curve for High Strength Concrete 
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Fig. 3. Stress - Strain Curve for Normal Concrete 
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Fig. 4. Stress - Strain Curve for Tendon 
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Fig. 5. Typical Stress - Strain Curve for Rebar 
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Fig. 6. Simplified Stress - Strain Curve for Liner 
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Fig 7. Deformed Shape of PCCV as Tendon Pre-load applied 
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Fig. 8. Vertical Displacement of Dome Top as Inner Pressure of PCCV Increased 
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Fig 9. Deformed shape of PCCV as Inner Pressure = 0.6942 Mpa 
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Fig. IO. Hoop Stress Distribution for Inner Side of PCCV as 

Inner Pressure = 0.6942 Mpa 
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Fig. 11. Meridian Stress Distribution for Inner Side of PCCV as 

Inner Pressure = 0.6942 Mpa 
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Fig. 12. Hoop Stress Distribution for Outer Side of PCCV as 

Inner Pressure = 0.6942 Mpa 
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Fig. 13. Meridian Stress Distribution for Outer Side of PCCV as 

Inner Pressure = 0.6942 Mpa 
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Fig 14 Deformed Shape of PCCV as Inner Pressure = 0.8124 ?Apa 
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Fig. 16. Meridian Stress Distribution for Inner Side of PCCV as 

Inner Pressure = 0.8 124 Mpa 
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Fig. 15. Hoop Stress Distribution for Inner Side of PCCV as 

Inner Pressure = 0.8 124 Mpa 
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Fig. 17. Hoop Strem Distribution for Outer Side of PCCV as 

her Pressure = 0.8 124 Mpa 

Fig. 18. Meridian Stress Distribution for Outer Side of PCCV as 

Inner kessure = 0.8 124 Mpa 
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Appendix A, Composite Plots, comprises test data compiled and plotted lhm all organizations that 
participated in the Prestres& Concrete Containment Vessel (PCCV) Round Robin Pretest Analysis. 
To avoid duplicating the composite information, individual sets of data and/or plots have been 
omitted fkom participants’ reports. In some cases this action resulted in discounects between callouts 
and content and in the numbering of figures, tables, and paginatiou in some reports. 

In Appendix J, ‘WSN, Instimt de Protection et & S&t6 Nuchire, France,” discontinuity arises from 
omitig the following mate&k 
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I - Choice of finite element model : 
IJ Axisymmetric model : 

- Difficulties of axisymmetric modelisation to make equivalent to : 
Structural : sections of rebars and tendons. 
Materiel : concrete behaviour in OTTOSEN model. 

- Limitation of results 

2) Tridimentionnei (3D) model : 
- Difficulties caused by the big number of data to be introduced 

- Need of performant computer system with much time for 
calculations 



3) Tridimentionnel axisymmetric model [slice model! : 

- Intermediate solution 

- Better representation of rebars 

- Better representation of the concrete model 
Y P 

- Reasonable time of calculations 

- Disadvantage : 

limitation of results in standard section 

Difficulties caused by introduction of prestressing load 



II - Slice model : 

I! Mesh : 

- Represents a thin slice (2” degrees) in a standard section (azimuth 

135) around tendon. 

- The concrete is represented by 828 solid elements 

- The liner is represented by 208 shell elements 

- The rebars are represented by 1477 truss elements 
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2) Introduction of prestressing load : 

- 3 ‘D model mesh with solid elements 

- The concrete is represented by 5792 solid elements 

- The liner is represented by 868 shell elements 

- The tendons are represented by 6576 truss elements 

- Application of prestressing load on 3 D model 

(for each tendon F, = 303.1 KN, F, = 453.3 KN) 



e t 
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J-l 1 
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- Calculation of displacements caused by the prestressing load 

- Projection of displacements on the slice model 

- Calculation of forces in the slice model caused by.imposed 

displacements 

- Introduction of traction force in the tendons 
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Appendix A, Composite Plots, comprises test data compiled and plotted from aJl organizations that 
participated in the Prestressed Conaexe Containment Vessel (PCCV) Round Robin Pretest Analysis. 
To avoid duplicating the composite information, individual sets of data and/or plots have been 
omitted from participants’ reports. In sxue cases this action resulted in disconnects between callouts 
and content and in the numbering of figures, tables, and paginatim in some reports. 

In Appendix K, “JAERI, Japan Atomic Energy Research Institute, Japan,” disconrinuity arises frcnn 
omitting the following material: 

figures 12 through 24, standard output location plots 
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1. Introduction 

Containment Model Tests to investigate a failure of the containment vessel have been initiated 

as a joint research program among Nuclear Power Eugiueering Corporation(NUPEC), U.S. 

Nuclear Regulatory Commission (NRC) and Sandia National Laboratories(SNL). For the 

effective pre and posttest analysis of these tests, the Round Robin aualytical activities have been 

organized. 

JAERI has performed the post-test analysis of SNL’s l/6 scale RCCV test [13[2], and the pre 

aud posttest analysis of this Steel Containment Vessel (XV) test[3] with ABAQUS code. The 

present paper describes the results of the pre-test analysis for PCCV test 
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2. Analytical Models 

The FEM code for nonlinear analysis, ABAQUS[4] was used to analyze the l/4 scale PCCV 

model. In this report, two diEerent FEM models were creati A quarter symmetric three- 

dimensional model with shell elements was used to analyze behavior at standard output 

locatjons. The other model was an axisymmetric shell model, and used to discuss possible 

failure modes. 

(1) 3D shell model 

Concrete and liners on the basemat, the cylinder and the dome were modeled with 4nodes 

shell elements(S4R). Reinforcement bars in concrete were modeled with REBAR defmed in 

shell elements. For both hoop and hairpin tendons, BAR elements were used. An area between 

90 and 180 degrees in the global coordinate system was modeled to analyze free-field behavior 

in the azimuth of 135 degrees. The buttress in 90 degree was modeled in the FEM mesh, 

although the equipment hatch and any other penetrations were not included. The FEM mesh of 

the 3D shell model is presented in Fig. 1. Figure 2 shows mesh of hoop and hairpin tendons 

modeled with BAR elements. As shown in Fig. 2, the layout of tendons in dome were different 

from actual model, because the complex arrangement of rebars and tendons in the dome was 

hardly modeled as they were constructed. In this portion, section areas of tendons and rebars 

were set to represent actual vahres. The center of basemat was tied and symmetric conditions 

were given as node constraints to the nodes on symmetric surfaces. The preloads for tendons 

were applied with thermal expansion, and internal pressure was loaded to shell elements of 

liIWS. 

(2) Axisymmetric shell model 

In this axisymmetric shell model, only the portions of the cylinder and the dome were 

included in the FEM mesh. Concrete and liners were modeled with axisymmetric shell elements 

(SAX2) and defmed as composite shell. Rebars and hairpin tendons were modeled with DEBAR 

while narrow axisymmetric shell elements were used for hoop tendons. The node at the bottom 

of the model on the basemat was fixed and symmetric condition was applied to the node at the 

apex of the dome. The FEM mesh of axisymmetric model is presented in Fig. 3. This model was 

used for parametric study to discuss potential failure modes. Models with various values of the 

material properties were analyzed. 



(3) Material properties 

Material properties were measured from test samples. For liner, rebars and tendons, the 

material test results were averaged to create elastic and plastic property data for the FFM models. 

The stress-strain relations used in the analysis are shown in Figs. 4 through 8. Material tests for 

the concrete were performed using two series of trial mix concrete. Results of series B were 

used as a basic material model. Results of series A test were used for parametric study with the 

axisymmetric model. The material data of the concrete are shown in Table 1. 

For both 3D shell and axisymmetric shell model, prestress for tendons were loaded as thermal 

deformations in the first step. The hoop and hairpin tendons were cooled to apply tensile loads 

for the tendons. It is noted that actual tendons will have tensile strains in preloaded state, while 

in this model have compressive strains. In the second step of the analysis, intemal pressure was 

loaded to the level of design pressure 0.39MPa. In the last step, internal pressure was increased 

until the analysis stopped. 
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3. CalcuIated results 

Results of the tow models are presented in this section. 

Results at some standard output locations were calculated with the 3D shell model. Because 

some features like equipment hatches were not included in the model, results only at the free 

field and at the buttress were presented. 

The axisymmetric shell models were subjected to the pammetric study of the material 

properties to discuss failure modes of the test model. So fmal results in a last time step were 

mainly presented in this report 

(1) 3D shell model 

The analysis stopped at internal pressure of 1.24MPa 

Deformed sections in azimuth of 90,135 and 180 degrees at various pressure levels are shown 

in Figs. 9 through 11. 

Results at standard output locations included in the model are shown in Figs. 12 through 24. 

In these standard output results, radial displacements and hoop straius in the cylinder show 

nonlinear behavior over pressure level of 0.87 MPa, because most of the concrete of the cylinder 

cracked by hoop stresses at the pressure level. At around the pressure of 0.94 MPa, vertical 

displacement at the apex of the dome began to decrease. Meridional strains in the dome 

increased quickly at this pressure level The concrete around the top of the cylinder cracked at 

the pressure level. FinalIy just below the pressure of 1.24 MPa, standard output results at the 

dome in azimuth of 135 degrees and 45 degrees in dome angle jumped up. They were 

displacements at location #I9 and #lo, strains at locations #K?7, ##28 and #29. At this location, 

structural failure seemed to occur. 

(2) Axisymmetric shell model 

Material properties used for parametric studies are shown in Table 2. A base model had same 

material properties as the 3D shell model. For the models #land ##2, tensile strength of the 

concrete changed at 10% more and less than base model, respectively. Model #3 had completely 

different concrete material property. 

Calculated results are summa& ed in Table 3. Deformations of the base model and models #l, 

#2 and #3, at the maximum pressure level in each analysis are shown in Figs. 25 through 28. 

These are final deformed shapes just before the model failed. 

Though the final pressure levels were slightly different between these models, final 

deformations were very similar to each other. 

4 
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Vkrtical distribution of hoop strain of the base model is presented in Fig. 29. It exceeds 

cracking strain at most part of the cylinder. And for the base model and model #I, meridional 

strains at most part of the cylinder are very close to the cracking strain. Vertical distributions of 

meridional strains in the concrete of the cylinder and the dome are shown in Figs. 30 through 33. 

In these figures, values at the inside, middle and outside sections are presenti Large bending 

deformations are observed at almost same locations, but the distributions are different between 

the xkiels. The locations of the cracks due to meridional stress were very sensitive to the 

material properties of the concrete. 
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4. Discussions 

In this section, following two discussions are described. 

(1) Possible failure modes 

The pressurization test of the l/4 scale PCCV model will be terminated by structural failure 

like rapture in the dome or the cylinder, or local tear around some penetrations. Because only 

basemat, cylinder, dome and buttress are incIuded in this model, possibility of structural failure 

is discussed here. The PCCV model will maintain the pressure until the liner will be broken. 

A possible faihne mode is rapture of cylinder by hoop stress. Though most of concrete in the 

cylinder cracked by hoop stress, rebars, tendons and liners did not yield at the final pressure 

level. This failure mode could occur at higher pressure levels. An other failure mode is buckling 

or local fracture by bending deformations. Meridional bending deformations in the 

axisymmetric model and large deformation of the dome in 3D shell model could drive very local 

large deformations to local &acture. It could happen in lower pressure level if some $enetrations 

or imperfections exist. 

(2) Pressure levels of the events 

0 First cracking of concrete in cylinder 

The first crack due to meridional stress was observed at pressure of 0.741 MPa, at the bottom 

of the cylinder and just above the basemat., That due to hoop stress was found at 0.792 MPa 

around azimuth of 135 degrees and elevation of 8.361~ Cracks due to hoop stress expanded to 

most part of the cylinder, while the crack of the bottom of the cylinder did not Histories of 

strains of the two elements are shown in Fig. 34. 

l First cracking of concrete in dome 

Elements of the frost cracking in dome above and below 45 are presented in Fig. 35. Above 45 

degrees, it occurred at pressure of 0.604 MPa, and below 45 degrees it did at pressure of 0.792 

MPa. For both elements, meridional stress was dominant 

0 Minimum pressure reachable with 90% confidence level 

Vertical displacement at the apex of the dome began to decrease at around 0.95 MPa It means 

that local deformation happened suddenly at the pressure level, though the sudden deformation 

was possibly due to arrangement of rebars and tendons in the dome different from actual model. 

It might be the first chance of structural failure. Minimum pressure reachabIe is detected 0.95 

6 
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MPa, which equals to 2.44Pd. 

0 Maximum pressure reachable with 90% confidence level 

Fake mode detected to occur at maximum pressure level is rapture of the cylinder due to 

hoop stress. With extrapolating result of standard output location #SO, strain of the hoop tendon 

expected to reach to yield strain 0.9% at pressure of 2.4 MPa It will be more complex in real 

tesk but the pressure will not exceed that pressure level. Maximum pressure reachable is 

2.4MF%, which is 6.2 Pd 
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5. Conclusions 

In this report, l/4 scale PCCV test model was analyzed with nonlinear FE&I code AE3AQUS. 

Tow models with 3D shells and axisymmetric shells were created. Preload of tendons and 

intekal pressure were applied to the models, and final pressure levels and deformation mode 

Were evaluated to discuss failure mode of the test model. Results are summarked as followings. 

0 Cylinder became nonlinear over pressure of 0.84 MPa by hoop strain. 

0 Large bending deformation occurred at pressure of 0.94 MPa around the spring line of 

dome and cylinder. 

0 Possible failure modes are buckling in the dome at around 1.24 MPa and local fracture by 

bending in the cylinder at around 1.27MPa. 

@Minimum pressure reachable in 90% confidence level is 0.95 MPa. Local fracture by 

bending could occur at the pressure level. 

0 Maximum pressure reachable in 90% confidence is 2.9 MPa By extrapolating strain results, 

hoop tendons detected not to maintain the internal pressure more than 2.9 MPa 

8 
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TabIe 1. MateriaI data for the series of concrete 

TYPE 

fcl?@al 
44.13 
29.42 

Young’s Poison’s Compressiv Tensile Note 
Modulus Ratio e Strength StEIgth 

FTpal -- MW Wal 
21700. 0.22 63.1 3.91 Series B 
26970. 0.18 48.84 3.45 Series B 

Table 2. Material data of concrete used in Parametric Study 

Table 3 Summery of Axisymmetric Model Tests 

[ ModeI I Final t First I Its Location 1 

base 
#l 

Pressure cracking 
Wal NW 
1.27 0.84 
1.32 0.90 

cylinder/hoop 
cyIinder/hoop 

L 

#2 I 1.32 0.84 c$nderlhoo~ 
#3 1.24 I 0.90 cvI.i.nder/hooD 

r 8 I * * 3DSheIl 1 1.24 0.60 1 dome 
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Fig.3 FEM mesh of Axisymmetric Model 
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(1) PreStress (2) PmO.39 (MPa) 

(Design Pressure) 

(3) P=li24 (MPa) 

Deformed Scaled X 100 

Fig.9 Deformed Shape of 3D Shell Model in 90 degrees 



(1) PreStress (2) P=O.39 (MPa) 

(Design Pressure) 

(3) P=1:24 (MPa) 

Deformed Scaled X 100 

Fig. 10 Deformed Shape of 3D Shell Model in 135 degrees 



(1) PreStress (2) P=O.39 (MPa) 

(Design Pressure) 

(3) P-l;24 (MPa) 

Deformed Scaled X 100 

Fig. 11 Deformed Shape of 3D Shell Model in 180 degrees 
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Fig.25 Deformed Shape of Axisymmetric Model ; Base Model 
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Fig.26 Deformed Shape of Axisymmetric Model ; Model #I 
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Appendix A. Composite Plots, comprise test data compiled and plottL& from all orpanizations that 
participated in the Prestresscd Concrete Conrainment Vwsel (PCCV) Round Robin Pretest Analysis. 
To avoid duplicating the composite information, individual sets of data and/or plots have been 
omitwd from participants’ reports. In some cases this action resulted in disconnects bet-~en callouts 
and content and in the numbering of ligures, tables, and pa@nation in some reports. 

However Appendix L, “JAPC, The Japan Atomic Power Company. Japan.” contains none of these 
discantiRnities. 
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Chapter 1. GENERAL REMARKS 

I. I OUTLINE OF THIS RESEARCH 

In the year2000. static high pressure tests will be performed on a l/4 scale prestrcssed concrete 

containment vessel (PCCVj model. The Round Robin pretest analysis meeting will be held from 

Oct. 12 to 14 ‘99 in Albuquerque, USA. 

The Japan PCCV research group, who decided to participate in the pretest analysis, has con- 

ducted a research program to establish the analysis methodology to predict the nonlinear behav- 

iors and failure modes of PCCVs subjected to increasing internal pressure. 

The analysis results obtained from this research program are discussed in this issue. 

PCCVs are extremely complicated structures due to their geometrical configurations comprising 

many types of structural materials, and the variety of their quamitative placements. Therefore. 

many difficulties must be overcome in analyzing the nonlinear behavior of this kind of structures up 

to the ultimate state. These include, avoidance of numerical instabilities. improvement ofthe con- 

stitutive laws of concrete and steel materials, and appropriate modifications of structural compo- 

nents i.nto numerical elements. 

Moreover, two types of PCCV uitimate states need to be investigated in the analyses : the 

Dar structural failure mode due to crushing or shear cracking of concrete, tendon rupture or rc :I 

rupture, and the leakage failure mode due to liner tearing. 

The tasks in this analysis research program, t‘aking account of these aspects, are as follows 

1) Preliminary Research Works : 

<c Verification analyses for l/6 scale RCCV test model (SANDX9-0349) 

‘a Establishment and verification of a tendon friction element. 

@Establishment of a liner anchor model verifying its applicability by use of one way pulling test 

results of a l/4 scale cut-T type anchor. 

c& Definition of stress-strain relationships of materials ( concrete, tendons, rebars and 

liner) and their critical strains. 

2) Round Robin Analysis Works ; 

(3 Analyses for the structural failure mode : Appearance of cracking and crushing in concrete, 

tendon rupture and rebar rupture, and their locations are checked. Failure modes and their 

associated pressures were also examined. 

l Global analyses 

l Axisymmetric model at the 135” azimuth 

l 3D90” shell model including M/S penetrations 

l 3D 1X0” shell model including E/H and A/L openings and buttresses 



. Local analyses 
l Axisymmetric model of lower cylindrical wall-basematjuncture 

l 3D shell model near -M/S penetrations 

l 3D solid model near E/I-I and An openings 

l 3D solid model near buttrcss and cylindrical wall 

t)> Analyses for the leakage failure mode due to Iiner tearing : Liner tearing modes and the 

regions in which they occurred were examined by checking the local strain concentrations 

and liner anchor restraint. 

l Local liner model around &M/S penetrations 

* Local liner model near cylinder wail-base juncture 

3) Inferences of Possible Failure NIodes and Associated Pressures of l/4 PCCV 

Failure modes and their associated ultimate pressure capacities will be estimated by considering 

all the analytical results and comparing them with the critical strains of the materials specified. 

The comprehensive structure of this research program is shownin FI,. ‘0 1. I - 1, which clearly shows 

analytica! model images and the interrelation of global and local anaIyses. 

1.2 ORGANIZATION 

This research has been conducted through the co-operation of six companies (Japan PCCV 

research group) : Japan Atomic Power Company, Kansai Electric Power Company, Kyushu 

Electric Power Company, Obayashi Corporation, Taisei Corporation, and Mitsubishi Heavy 

Industries. 

The driving forces behind this research included : 

Y. Watanabe, A. Kato (JAPCO), 

M. Ozaki, H. Matsumoto(Kansai), 

K. Kiyohara, Y. Sono (Kyushu), 

K. tmoto, K. Naganuma, K. Yonezawa, K. Shirahama, T. Ogata. H. Maeno (Obayashij, 

Y. Murazumi, H. Ono, S. Takezaki (Taisei), 

H. Sekimoto, K. Sato, T. Kitani, M. Kondo, H. Matsuoka (Mitsubishi). 
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1.3 NIJMERlCAL METHODS FOR THE ANALYSES 

In this research, all of the numericaI anatysis tasks were performed using the finite element method 

(FE&l), taking material nonlinearity into account. Computer codes applied in the analyses are 

listed in Table 1.3-1. The code “FINAL’L”, developed by Obayashi Corporation, and the DIANA 

ver.6.2 general purpose code were used for rhe global and IocaI analyses. The MARC general 

purpose code was used for the liner analyses. All of the analyses were performed by two- and/or 

three-dimensional FEM, where a tangential incremental loading method and the Newton method 

for convergence criteria were adopted. 

The concrete was modeled using 4-mode quadrilateraI multi-layered shell elements, or S-node 

solid elements. The rebars were represented by truss elements or orthogonal layers in a shell 

element. The tendons were replaced by truss elements, and tendon friction elements which take 

into account the friction effects between concrete and tendons were adopted. The development of 

these friction elements is described in detail in Chapter 3. The bond characteristics between the 

concrete and the rebars were assumed to be perfect. The liner was replaced by 4-node shell 

elements. and a perfect bond between the concrete and liner was assumed in the global and IocaI 

arialyses. The prestressing forces of the tendons were considered in the analyses as an initial stress 

state. 

The materid constitutive models are as follows : 

For the concrete, the equivalent uniaxial stress-strain model proposed by Darwin et al. was 

adopted, and the smeared crack model was used. Kupter’s failure criteria for a biaxial stress 

state, and a five parameter model by Willam et al. for a triaxial stress state, were used. The five 

parameters obtained from the experiments by Ohnuma et al. were also adopted. 

For the steel materials such as liner, rebars and tendons, the elassto-platic theory based on rhe 

von Mises yield criterion were used. The uniaxiaI stress-strain relationships of the steel materials 

were assumed to be multi-linear mod&. These models are specified in Chapter 2. 

Table 1.3- 1 Applications of the computer codes 

Name of code Applications 

Establishments of tendon friction model and liner anchor model. Global 
FIXAL analyses (Axisymmstric. 3D90”shelI and 3D 180”shell models). LocaI 

analyses near E/H. A/L, M/S and wall-basemat juncture. 

DLWA Local analysis near the buttress. 
-- - .-.. ---._ 

MARC Local liner analysis near M/S. 
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Chapter 2. STRESS -STRAIN RELATIONSHIPS OF THE MATERIALS 

AND THEIR CRITICAL STRAINS 

In this chapter, the material mod& and critical 

strain of each materials (concrete, rebar. tendon, Q ocgvcdz) 

and liner) are set up based on the design package. w F. _Qr_ constant 
/“\ 

2.1 CONCRETE _ / ’ ; \ 

For the concrete model, the authors adopted the _ / : 
.\ iEp -. Darwin-Pecknold Model 

\ 
I\.> / 

equivalent uniaxial strain model proposed by Dar- 225 j_ / 

win et al. and developed for three-dimensional L / 

analysis by Murray. A smcarcd crack model is as- / 
-y 

sumed for the modification of cracks. 

CBasic Uniaxial Stress -Strain Relationship 
i .: . . : .- .._..__._..._” .__..., ,. ̂,.... ̂  . _ .._ ._ .I 

0 2Goa 4ooo sooa 8oQo 

6 (1 o-') 

..T 

The modified Ahmad model shown in Fig.2. I - Fig.?. l-1 Uniaxial Stress -Strain 

1 is used in the compression zone. Elastic be- Relationship(compression) 

havior is assumed until cracking occurs in the ten- G”‘% “.. ,__..__.._I ___. ._“.. ” 

sile zone. After cracking, tension cut-off or tension Et ; The main in normal direction 

stiffening (c=O.8 at Izumo model) is assumed. 0.4- i to cracked plant 

.I 
$3 Failure Surface 

The five-parameter model developed by Willam 
0.2- .:! 

ct al. in the 3D model, and Kupfer’s modei in a \ 
- ‘X\ 

shell or 2D models are used to model a failure “Y 

: i 
.A., __ 

surface. The five - parameters obtained from the --.-...-- .-... .__ _ I .“__ Et (10' 

OEW 

experiments by Ohnuma et al. arc adopted. 

‘: 
L‘ 

SShear Retention IModel in Cracked Plane. 

The Al-Mahaidi equation shown in F&2.1-2 is 

used to model shear retention in a cracked plane. 

,ooo . 2oi)o -.- 

Fig2. I-2 Shear Retention Model 

in Cracked Plane. 

The compressive strength of the concrete used in the analyses is the same as the design strength 

recommended by SNL. Young’s modulus(EJ. tensile strength(ftj, and strain ( Ed,) at rnaxjmum 

strength, used in the analyses, are obtained from the following equations. 

El, = ( 1.37a, +1690)/l 0” : fJu = 34.13MPa ) Ey = 0.0023 --Eq.(2.1-1) 

E,, =(l.l$~+5.87,)xl0j (k@/cm’: ; E,, = 2.93xlO”%Pa ----Eq.(2.1-2) 

ft = I.07 .oHo-5M (kgf/cm’) ; ft = 3.33MPa ---Eq.(? l-3) 
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2.2 REBARS 
2.2.1 MODELLJNG METHOD 
The rebar stress-strain relationship obtained from the material test results are approximated as 
polygonal lines where the following parameters are used: 
- Yield point, strain hardening point, 4% strain point, 6% strain point and critical point. 

Next, using the stress-strain relationship from the polygonal line approximation, the stress- 
strain relationship of the rebars is determined according to the following: 
- Determine 3 types of stress-strain relationships by averaging the test results for the 5 points 

stated above for each reinforcement material (SD345, SD390 and SD490). 
- Test results for dumbbell-type specimens are not to be used 

22.2 STRESS-STRAIN RELAI’IONSHIP 
Figure 2.2 shows the stress-strain relationships approximated as the polygonal lines. The 
stress-strain relationship for the SD390 rebar to be used in the analyses is shown in the thick 
line. SD390 is the main reinforcement used in the cyfindrical portion of the l/4 PCCV 
specimen. The critical strain is 21.3%, and is equal to the mean rupture strain of the SD390 
rebars. 

600 

-T- :D16(No.l) 
--.7- :D16@0.2) 
-- :D16(No.3) 
-.--.L-- :Dl9(No.l) 
---z--- :D@@34 
.--i---- :D19(No.3) 
-:Defined relationship 

5 10 15 

Strain (%) 

20 25 

Figure 2.2 Stress-strain relationship for the SD390 rebar 
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2.3 TENDON 
The stress - shain relationship of the tendons of the analyses is modeled referring to the results of 

the PCCV tendon system tensile test and the PCCV tendon strand static tensile test. 
Detailed modeling procedure is as follows; 

(1) The stress - strain relationship below the critical strain IeveI in the tendon system tensile test is 

modeled referring to the results of the test. 
(2) The relation beyond the critical strain level in the tendon system tensile test is modeled referring 

to the results of the lendon strand static tensile test. 

The modeled stress -strain relationship for the analyses is shown in Fig.2.3-1 with the stress - 

strain curves by the both tests. The stress - strain relationship is modeled as a &i-linear up to the 

critical strain of 3.7% in the system test. The stress increase was hardly observed beyond 3.7% in 

the strand static tensile test, therefore the stress is assumed to be constant beyond the strain level. 
The critical strain in straight part near the anchorage is assumed to the critical strain of 3.7% iti the 

system tensile test in which the influence of the wedge anchor was taken into awount. The reason is 

that the tendons is supposed to be ruptured at a tower slrain level by the influence of the wedge anchor. 
The critical strain in curved part in the cylinder wall is assumed to be 8.0% referring to the 

tendon strand static tensile test. The critical strain is summarized in Table 25 1 

Table 2.3-l Critical strain of the tendons 

critical strain (%) 

Straight part t Curved part 

3.7 8.0 

a stress Strttin 
0 Modulus of 
1 eIasticity 

/MPa) (%I i (-1 
0.775 ’ 196 

- - - - Tendon strand tensile test 

3.Ip/, 
I I I I 

2.0 3.0 4.0 5.0 6.0 

Fig.2.3- 1 Stress-strain relationship 
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24 LINER 

The analysis etnplnys the matetinl properties sp&lied in the PCCV Design Puckilge issued on Nov. 

17. 1997. The macezkl tests of the liner matial. SGV410, were cxricxj out ti?h .*vrrral tH pieces 

ob&ined along with the rolling direction of the plates. The test resvlts demonsuace that ti liner 

n~terials have 20MFk variations in the yielding points and the vari&ons of other values such ,W 

young’s modulus and Poisson mtio are within the allowable range. Accordingly the material properties 

are defined zxs WI avenge behavior as follows; 

The mewstmin &ationship was ccmstmcti for the analysis as shown in Figure 2.4- 1. Fmm F&IIE 

2.4-I, the critical stftin of liners is obtained as 33% 

St&s 47 Total strain : 

.Frpa’, 

afE -1 
rl%] ’ _ 4 JW 

0 cmo 
Mamid piqmties - 

_, 382.. 
- Ymng’s modulus E =2.16X HI’ MPa 

3#2 l Poisson’s ratio v =0.3 

‘Oon 
___ 3iio 

l Yield sues 
436 0.202 3.398 

o r =3H2 MPa 
..-- 

457... g 5.ooo 0.2 I 2 j.%Bls 
n Criticd satin E Q =33% 

so0 33.m 0.232 . , 32.768 , 

400 

s 
a 300 
E 

jj 200 

100 

Fig. 2.4-t : Analytical material pmpeny {liner : SGV4 IO) 



Chapter 3. ESTABLISHMENT OF TENDON FRICTION ELEMENT 

This chapter outlines the tendon friction element proposed in [1] and examines its application 
to modeling for PCCV through a few numerical experiments on simple models. 

3.1 OVERVIEW OFTHE FRICTION ELFMFNT 
Figure 3-l is a schematic diagram of the sliding surface between the friction element, which 

transmits frictional force between the tendon and the reinforced concrete, and the tendon. The 
friction element, which connects the tendon to the reinforced concrete, consists of 3 axial springs 
which transmit frictional force as well as normal stress. The two axial springs are oriented 
perpendicular to the tendon’s sliding direction and the remaining one is placed paralkl to that 
direction. The tendon’s sliding surface is defined as a plane given by the nodal points X2, Xi and 
X3. X2 slides along this plane in direction i . The frictional force used in this element is based 
on Coulomb’s Law of Friction. Figures 3-2 and 3-3 show the stress-displacement relationship of 
the element. The friction characteristics in the sliding direction are indicated as the 
characteristics of a spring with per&t elasto-plasticity, whose initial stiffness is extremefy high. 
Normal stress is transmitted by the two elastic springs with the same initial stiffness. 

3.2 VERIFICATION OF FRICTION ELEMENT 
To determine the vahdity of the friction element, we examine the consistency between the 

theoretical solution of the tensile force in the tendon with the friction and the results of an analysis 
using the non-linear finite element method. We also examine the distribution of tendon strain 
using a realistic analysis model that more closely rcscmbles the PCCV. To do this, an internal 
pressure load is applied to examine tendon strain distribution and confirm that the determined 
friction model can be used to estimate the l/4 PCCV’s ultimate capacity under internal pressure 
without numerical instability. 

3.21 ANALYTICAL CONDITIONS 
Figures 3-4 and 3-5 show the study models. The former consists of the tendon and 

reinforced concrete with the friction elements connecting the two (Model I). In the latter model, 
the rebars of the reinforced concrete arc arranged in a non-uniform manner (Model II). In both 
models, four tendons are placed in the direction of thickness of the concrete. The boundary 
conditions for these models specify that the left side is fixed and the right side is roller supported. 
The friction coefficient between the tendons and the concrete is set at 0.21. 

3.2.2 ANALYTICAL RESULTS 
Figure 3-6 compares the tendons! tensile force distribution according to the theory of elasticity 

with the results of the Model I analysis. The theoretical solution of the tendon tensile force is 
given by: P=P&rp(-~6) (where PO: tensile force, y : friction coeffkient, and 8 : azimuth). From 
the figure, we were able to ascertain that the analysis results of the tendon tensile force decrease 
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exponentialIy and coincide closely with the theoretical solutions within the elastic range. 
However, the difference between these results gradually become larger as azimuth 6 increases. 
This numerical error may resuIt from the fact that a polygon was used to approximate an arc. 

Figure 3-7 shows the slip between the hoop tendon and the reinforced concrete in Model I. 
In this figure, the slip decreases as the azimuth 8 increases and when the tensile force reaches 735 
kN, slip variation in the plastic state is larger than that in the elastic region. 

Figure 3-8 shows the tendon’s strain distribution according to analysis results of Models I and 
II. In Model I, the part to which the tensile force of 735kN is applied becomes plastic between 
azimuth 0” and 40” and strain concentration is observed there. In Model II, the strain is a 
minimum at azimuth 90” , and the value increases gradually between azimuths 60’ and 120’ i in 
which the cut-off section for the reinforcement ratio exists. This may be caused by the effects of 
variations in stiffness in the hoop direction. 

3.3 SUMMARY 
- Through verification analyses, the tendon friction element described here is confirmed to avoid 

the occurrence of any numerical instability up to the ultimate capacity, and to be effective for 
practical use. 

REFERENCES 
1. Yonezawa K., Akimoto M., Imoto IL, Watanabe Y.:; Ultimate Capacity Analysis of l/3 

PCCV Model subjected to Increasing Internal Pressure, SMiRT-15 in Seoul, Aug.,19!B. 
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Chapter 4. ESTABLISHMENT OF LINER ANCHOR ELEMENT 

This chapter investigates the modeling method of the liner anchor used in the liner analyses ac- 

cording to the following procedure, to determine the failure mode due to liner tearing. 

1) Modeling of the T-anchor taking into account a three-dimensional directions. 

2) Verification analysis for the pull - out liner anchor test indicated in the design package is per- 

formed to investigate the applicability of this model. 

3) Numerical experiments considering the nonlinear behavior of the general portion of the cylinder 

are carried out to determine the characteristics of the liner anchor model. 

4.1 MODIFICATION OF LINER ANCHOR 

This model is represented by linkage elements com- 

posed of three springs normal to each other as 
shown in FigA- 1, considering the characteristics of 

the T-anchor. 
The directional components of the stiffness (N, S, 

V) fixed in the liner anchordirection are determined 

as follows. 

1) For stiffness (N) in the axial direction of the T- 

anchor : K,=O. If located at the I- 

anchor(horizontal anchor), I&=00 

2) For stiffness (V) in the vertical direction of the 

liner : K.+=T2*L*uB (for tensile force), $= 

a (for compressive force) 

3) For the equivalent shear stiffness (S) trans- 

fig+- 1 Schematic view of PCCV 

-ati 
I 

verse to the T-anchor : Ks=L*(determined 

from FEM results). 
The parameters used in the above equations 

are defined as follows. 

<**w: 

L 
omrk:Liucrrmdc 

- l &:CQlEIQC& 

where L is the length of the meshing element, 
L :Lengthofnrdr 

B is length of the T-anchor web in the verti- 
Fig.42 Modification of the anchor model 

cal direction, T2 is the thickness of the T-anchor web, and E is the elastic or plastic stiffness of 

the material. The equivalent shear stiffness (S) transverse to the T-anchor is obtained through 

2D-FEM analyses in the following section. 

4.2 VERIFICATlON OF ANALYTICAL MODELS FOR PULL-OUT TESTS ON LlNER 

ANCHOR 
<;’ The tests are outlined in the design package: In the tests, the T-anchor is subjected to shear 

force through the liner plate. Five tests havebeen performed with variables scale, interval. and 

the T-anchor shape. 

:a Analytical model 
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Analytical model is shown in Fig.43. Perfect 

bonding is assumed at contact surface between 

concrete and anchor flange. And no bonding is 

assumed at the contact surface of liner and an- 

chor web. 

Analyticai results 

The force -displacement relationships obtained 

from the analytical and experimental results are 

compared in Fig.4-4. Three specimens were used 

to demonstrate one case in the tests. Displace- 

ment at the loading point was used to signify the 

displacement of the analytical results in Fig.4-4. 

The analytical results are summarized in 

Tabie.4.1. It is seen that the T-anchor behavior 

can he evaluated by the analytical model used in 

this study. 

Fig&3 Computational grids Fig&3 Computational grids 

Table 4- 1 Analytical results 

4.3 ANALYTICAL EVALUATION OF LINER Unit; initialstiti: kgtj’cm2. b&x cqxcity : kgfjcm 

ANCHOR MODEL 

The equivalent shear stiffness (S) transverse to the 

T-anchor is obtained by analytical evaluation of the 
liner anchor t&&or on the E# subjected to in- 

ternal pressure. 

cr3, Outline of Analysis 

The analytical mode1 is shownin Fig.4-5. The model 

plane represents a wedge section of the cylinder 

whose angle (1.6” ) indicates the spacing of the ver- 

tical liner anchor. The symmetrical boundary condi- 

tion is applied on both sides of this model. The use 

of sliding elements accounts for the sliding and open- 

ing moment between the concrete and the liner. 

Dispbcenxnt t,cmJ 

FigA- Load-displaccmcnt relationship 

One end of the liner is assumed to be the free end. The rebar area on the right end is twice that 

of the general portion. Thus, the displacement is concentrated around the liner anchor. For the 

analytical parameters, four bond characteristics between the concrete and the liner are applied 

here, as shown in Table.4-2. 
(3 Analytical Result 

The load-displacement relationships obtained from CASES I- 3 are shown in Fig.46 The 

vertical axis indicates the shear force acting at the liner anchor, and the horizontal axis indicates the 

displacement (S) at the juncture of the liner anchor and the liner as shown in Fig.4-6. The dis- 
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placement at the maximum capacity for CASE3 is found to be comparatively large. However 

other differences between the three cases are less remarkable. The analytical results are shown in 
Table.+3. The results of the pull-out tests are also shown in Tab1e.b3 for comparison. The 

maximum capacity obtained from these analyses is about 35% of the test results. This is because 

the effects under cracking by internal pressure are considered in these a&yes, but not in the 

tests. Therefore, it is found that the maximum capacity depends on whether cracking occurs due 

to internal pressure. 

4.4 SUMMARY 

First, 2D-FEM analyses of pull-out tests were performed 

to investigate the applicability of the analytical model. 
sext. numerical experiments were performed to idealize 

the non-linear behavior of the liner anchor of the PCCV 

subjected fo internal pressure. The analytical results of 
these numerical experiments are almost the same. There- 

fore, the equivalent shear characteristic transverse to the 

T-anchor is assumed to be tri-linear as shown in Fig.4-6. 

First point : S,=O.Ol cm. 7 ,=90kgf/cm 

Second point : S,=O.O35 cm. r 2=I JOkgf/cm 

r =130kgf/cm remains constant after the second point. 
This anchor model is applied to the liner analyses. 

S icm) 
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for the E/H and A/I. side. 

5.1 GLOBAL ANALYSIS BY AXI-SYMMETRIC 

MODEL 

This section describes an axi-symmetrical analysis carried 

out to determine the base non-linear behaviors and the 

boundary conditions for local analyses. 

5.1. I ANALYTICAL iMODELIKG 

In the analytical model shown in Fig.5. l- 1, a 3D FEM for 

the narrow wedge of the vertical section(2” ) is used in- 

stead of the normal avisymmetric FEM . This model plane 

is chosen at the 135” azimuth, which is reasonably far from 

the penetrations. 

The concrete is modeled as an S-nodes solid element. The 

meridional tendons are represented by truss elements and 

Chapter 5. GLOBAL ANALYSES FOR l/4 PCCV MODEL 

This chapter describes global a.naIyses performed to determine the global non-linear behavior of 

the IMPCCV model, and to obtain the boundary conditions of the local analyses. 

1) Axi-symmetrical analysis 

2) Global analysis by the 3D-90” shell model idealized for ;._, .+Ir mti~od tendons 

the M/S and F/W side. 

3) Global analysis by the 3D-180” shell model idealized 

:- 90 hoop tendma :- 90 hoop tendma 
spacing 11.2sun spacing 11.2sun 

EL 0.74 m EL 0.74 m 
EL.O.OOm EL.O.OOm 

--. w --. w 
strength strength 
concR?LI? concR?LI? 

Fig.5 I- 1 Computational grids 

attached to the concrete by sliding elements. The bond characteristics between concrete and the 

meridional tendons are assumed to be unbonded. Rebars are represented by truss elements and 

shell layers which are given an area equivalent to the rebar area. and a Poisson’s Ratio of zero to 

avoid any in-plane/out of plane stress - strain interactions. The liner is constructed of quadratic 

shell elements and the liner anchors are represented by shell layers which are given an area equivalent 

to the liner anchor area. Perfect bonding is assumed between the rebars and the concrete. 

5.1.2 ANALYTICAL RESULTS 

Deformation modes corresponding to each pressure levels are shown in Fig.S.l-2. It is found 

that the radial displacement at the mid-height of the cylinder is the Iargest, and rhe vertical dis- 

placement at the apex of thedome is fairly small. The maximum displacement is found at EL.7.15m 

at the mid-height of the cylinder. 

The pressure-radial displacement at the maximum point is shown in Fig.S.l-3, and the pressure- 
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vertical displacement at the apex of the dome is shown in Fig.S . l -4. 

These plots show a rapid increase of displacement after material yielding ( 1.35;&IPa). The apex 

of the dome begins so move downward at a pressure larger than I .SMPa, as shown in Fig.S. l-4. 

However, the amount is fairly small in comparison with the radial displacement at the mid-height of 

the cylinder. 

5.1.3 SUMMARY 

( 1) The meridional strains are generally fairly small in comparison with the hoop strains. 

(2) The radial displacement at the mid-height of the cylinder is the largest, reaching 247mm at 

E1.7.15m. This is equivalent to 4.6% of the free field strain. 

FigS.l-2 Deformation mode 

5 , _ . . 
‘2 : 

1 
x:4, : 

3:; 
: : : 
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.;. 

Fip.S.l-3 Pressure-radial displacement relationship 

at maximum displacement point 

Fig.5. I -3 Pressure-vwtical displacement relationship 

at apex of the dome 
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5.2 GLOBAL ANALYSIS BY 3090’ SHELL MODEL 

Here, a global analysis with 3D-shell90” model is performed to quantitatively determine the 

global nonlinear behaviors, and to obtain boundary conditions for local analyses. For the model 

plane, the region from 180’ to 270” azimuth, including main steam (M/S) and feed water(F/W) 

penetrations is chosen. 

5.2-l ANALYTICAL MODELING 

The 3D-shell90” mode1 shown in Fig.5.2- 1, which ide- 

alized a one quarter section of a 114 scale PCCV model, 

takes into account the non-symmetric tendon layout of 

the dome, buttresses, and the local congestion of the rebar 

arrangements around these penetrations. The layout of 

the meridional tendons is idealized as accurately as pos- 

sible in this model. For the modeling of the basemat, dis- 

placements obtained from the axisymmetric model are 

applied to nodes at the bottom of the cylinder for the 

boundary conditions. The reinforced concrete wall is 

modeled using quadratic multi-layered shell elements-The 

meridional and hoop tendons are represented through 

truss elements and attached to the concrete with sliding 

elements. The friction model (friction factor : p =0.21) 

discussed above is used to model the friction chamcter- 

istics between concrete and tendons. The liner consists 

of quadratic shell elements. 

5.2.2 ANALYTICAL RESULTS 

The pressure - radial and vertical displacement re- 

lationships obtained by analysis are shown in Fig.5.2-3 

and Fig.5.2-4, respectively. 

Fig.5.2- 1 Computational grids 

eL+,7% M. n. 
Fig.5.2-2 Analytical region 

The height of the maximum radial displacement obtained by analysis is at about mid-height (EL.7.0) 

of the cylinder. The apex of the dome begins to move downward at a pressure larger than 1.5MPa 

as shown in Fig. 5.2-4. However this is fairly smail compared to the radial displacement at the 
mid-height of the cylinder. This behavior is the same as that of the axi-symmetric analysis. 

The hoop tendon strain distribution and the slip distributions between the hoop tendon and the 

RC wall at each elevation level (EL5.2m and EL7.2m) are shown in Fig.5.2-5 and Fig.5.2~6,re- 

spectively. 

The maximum slip at level 1 is found at the rebar cut-off section around the M/S. 

. 17 - 

L-2 1 



The slip at level 2 is fairly small compared to that of level 1, because there is no rebar cut-off 

section where stiffness changes at level 2. 

The tendon strain around the hllS at level 1 is comparatively small. The tendon strain in the 

general portion at level 2 appears to be the largest in terms of uniformily. 

A deformation mode and contour obtained from the analysis at 1.55MPa is shown in Fig.5.2-7. 

The location of the maximum displacement is found at the general portion around the 120” or 

240” azimuths between the buttress and the M/S. 

The contour of the von Mises total strain in the liner at 1.55MPa is shown in Fig.5.2~8. The 

strain concentrations in the liner occur at the rebar cut-off section around the M/S and the but- 

tress, as shown in Fig. 5.2-8. 

The contours of the hoop strain in the inner and outer rebars at 1.55MPa are shown in Fig.5.2- 

9 and Fig.5.2- IO, respectively. The locations of strain concentration in the inner rebars and liner 

are almost the same. In the outerrebars, strain concentration appears at the general portion around 

mid-height and the rebar cut-off section around MB. The hoop strains in the outer rebars appear 

to be bigger than those in the inner rebars. 

5.2.3 LOCATIONS OF STRAIN CONCENTRATION 

The locations and amounts of the maximum strain in the materials &bars, liner, and tendons) are 

summarized corresponding to pressure levels in Table5.2-. 1 and Fig.5.2-I 1. The thick lines and 

hatches in Fig. 5.2- 11 indicate the boundary lines of rebar cut-off sections where the hoop rebar 

ratios change. 

In Fig.5.2- 11, it is seen that strain concentration occurs at several portions, such as the hoop 

rebar cut-off sections around the penetrations and buttress in this analytical region. 

The maximum tendon strain is found to be in the hoop tendon at EL7.0m, reaching the critical 

strain (8.0%) at 1.55MPa. However, there is a margin of safety in the liner and rebar suains. 

It is concluded from this analysis that the hoop tendon strain at EL.7.0m is the first to exceed the 

critical strain at an internal pressure of about 1.55MPa. 

5.2.4 SUMMARY 

I) The strain concentrations in materials occur at the portions where the stiffness changes, such as 

rebar cut-off sections and the buttresses. 

2) In this analytical region from 180” to 270” azimuths of the 1/4PCCV model. the hoop tendon 

strain at EL.7.0m is the first to exceed the critical strain (8%) at an internal pressure of about 

I .55MPa. 
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Displacement and strain contours at prcxsure 1.55 MPs 
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5.3 GLOBAL ANALYSIS BY 3D180’ SHELL MODEL 
The analyses are conducted for the sections between azimuths O0 -9O* and 270* - 

360° which include the large openings (A/I., E/H) of the 114 PCCV specimen. These 
analyses are used to determine the overall behavior of these sections taking into account the 
effects of the large openings and the buttress, as well as the distribution characteristics of 
tendon strain and the determination of the boundary conditions to be used in detailed local 
analyses. 

53.1 ANALYTICAL MODELS 
Figure 5.3-l shows the analytical models. These models incorporate the buttress, as 

well as reinforcement around openings A/L and E/H, and use a multi-layered shell element 
for the entire reinforced concrete. Tendons are mod&d as truss elements - two 
meridional tendons and three hoop tendons each considered to be one tendon - and the 
tendon arrangements around the dome and opening areas are faithful reproductions of those 
found in the specimen. The bottom of the cylindrical wall is fixed. The friction 
coefficient between the tendon and concrete is defined to be 0.21. 

53.2 AlGUYTICAL RESULTS 
Figure 5.3-2 shows the relative displacement of the hoop tendon and the concrete. It 

shows the displacement between the hoop tendon nodal point and the concrete nodal point 
at the two levels under internal pressures of 1.45 and 1.55MPa Tendon-A is at the level 
of the A/L and EIH openings The maximum strain in the hoop tendon under an internal 
pressure of 1.55MPa occurred at the level of Tendon-B. It can be seen that the azimuths 
at which the relative displacement becomes “0” are the sections where maximum 
displacements occur at the center of the large opening and the general areas. On the other 
hand, the areas with maximum relative displacements are at the cut-off sections of the 
rebars. The tendency of variance of tendon-B is similar to that of tendon-A, but smaller 
in degree. 

Figure 5.3-3 shows the circumferential distribution of the hoop tendon strain at the two 
levels under internal pressures of 1.45 and 155MPa. The levels of evaluation are the 
same as those used in Figure 5.3-2. For tendon-A, the strain in the reinforcing portion is 
the smallest at the azimuth at the center of the opening and increases as it goes from the 
opening, peaking at the 30’ azimuth area of the general portion. Variation tendencies of 
tendon-B are similar to those of tendon-A. 

Figures 5.3-4 and 5.3-S show contours of deformation and liner strain both under an 
internal pressure of 1.5.5MPa. Here, deformation refers to the absolute values of the 
displacement vectors of the nodal points. The maximum value of 39.2cm is registered in 
the general area between A/L and E/II (near EL. 7Sm). Increases in liner strain arc found 
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at the reinforcement cut-off section on the WH side of A/r, reinforcement cut-off section 
on the A/L, side of E/H and the buttress. 

Figures 53-6 and 53-7 show strain contours of the inner and outer horizontal 
reinforcement under an internal pressure of 1.55MPa. The general area between A/L and 
FiTI shows the most strain increase of the inner and outer horizontal reinforcement. 
Strain concentration is particularly pronounced at the reinforcement cut-off section around 
the large opening. 

5.3.3 MAXIMUM STRAIN OF STEFJ.. h4ATEW 
Table 5.3-l lists the maximum strain values. Here we discuss the maximum steel 

material strain under an internal pressure of 1.55MPa. The maximum horizontal 
reinforcement strain occurs at the outer reinforcement cut-off section on the A/L side of 
E/H at a maximum strain of 9.28%. Maximum strain for the hoop tendons occurs at the 
EL6.70m level with a maximum strain of 7.33%. The maximum liner strain occurs at the 
reinforcement cut-off section on the E/H side of AIL at a maximum strain of 8.36%. 

53.4 SUUMARY 
While the maximum reinforcement and liner strain under an internal pressure of 

1.55MPa is smaller than the critical strain by a suffkient margin, the maximum hoop 
tendon strain is very near the rupture strain (8% in the general areas). As indicated in the 
3D90” shell model analysis, the current analysis similarly shows that the hoop tendons 
near EL7.Om will be the first to reach the critical strain 

(a) Concrete (b) Hoop tendon 

F&,.5.3-I. Analylical model 

(c) Meridional tendon 
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Tabk.S.3- I. Maximum strain values 
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Fig.5.3-4 Deformation contour at 1.55MPa 

Fig.5.S5 van Mistx strain CC Intour of liner at I S5TvlPa 
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Fig.5.3~6 Strain contour of inner horizontal reinforcement at 1.55MPa 

Fig.5.3-7 Strain contour of outer horizontal reinforcement at 1.55MPa 



Chapter 6. LOCAL ANALYSES OF f/4PCCV MODEL 

Potential failure portions havebeen approximated by considering the results of the global analy- 

ses discussed above. Local analyses for these portions are performed in this chapter. The follow- 

ing local analyses take into account the global analysis results. 

1) The wall-basemat juncture 2) Buttresses 

3) The E/J!? and A/L openings 4) The M/S penetrations 

6.1 LOCAL ANALYSlS BY 3D SOLID MODEL NEAR CYLINDER WALL-BASE JUNC- 

In this section, local analyses with fine mesh models are performed taking into account the area 

near the wall - basemat juncture, in order to determine nonlinear behavior and to evaluate local 

strain concentration on the structural components. 

6.1-l ANALYTICAL MODELIXG 

The analytical model used here is shown in Fig.6.1-2. 

A 3-D FEM for a narrow wedge of vertical section( 1.6” ) is used. This wedge has the same 

pitch as the liner anchor. The model plane is chosen at the 135” azimuth and lower than EL.2.0m. 

In this model, the shape of the liner anchors and their connections in the wall-base are idealized in 

more detail by elemental meshing at depth. Furthermore the rebars around the tendon gallery are 

modeled one-for-one by truss elements. 

For the boundary condition, the internal pressure is applied to the interior surfaces, and dis- 

placements obtained from axisymmetrical analysis are applied to the top surfaces of this model. 

Two analysis cases are carried out here. The analytical variables are the bond characteristics 

between the concrete and the liner, i.e., perfect bonding in CASH, and no bonding in CASEZ. 

6.1.2 ANALYTICAL RESULTS 

The pressure -strain relationships of the meridional rebar at the wall - base juncture are shown 

in Fig.6.1-2. Axi-symmetrical analysis results are also plotted in Fig.6.2-2. The sequences of non- 

linearity are almost the same in both cases. The inner rebar yields at a pressure of 1.45MPa. and 

the outer rebar strain shift from tension to compression due to the crashing of the outer cover 

concrete at 1.5MPa. 

The contour of the minimum principal concrete stress, and the contour of the von Mises strain of 

the liner at 155MPa are shown in Fig.6.1-4 and Fig.6.1-5. 

There were no substantial differences between the minimum principal concrete stresses for the 

two cases. 
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The maximum compressive stress is found at the outer surface of the wall - base juncture be- 

cause of flexural deformation. Concrete crushing occurs at the outer surface of this region at 

1 .SMPa. but the principal stresses elsewhere do not exceed the uniaxial maximum concrete strength. 

Shear ties in the wall -base juncture remain elastic up to 1.6MPa. It is thus determined that shear 

failure does not occur in this region. 

In the surrounding tendon gallery, the concrete stresses do not exceed the uniaxial maximum 

strength and the rebars remain elastic up to 1.6,MPa. It is thus determined that shear failure does 

not occur in the surrounding tendon gallery. 

The maximum Liner strain occurs at the wall-base juncture. The evaluation of the liner strain in 

which CASE2 assumed no bonding for the bond characteristic between the concrete and the liner 

was fairly small in comparison with that in CASE I. 

The locations and amounts of maximum strain in the materials obtained from CASE1 are summa- 

rized corresponding to pressure levels in Table.6. l- 1. The maximum strain is found at the connec- 

tion of the liner anchor (Point l), reaching 2.73% at 1.6MPa. There is amargin of safety in the liner 

for its critical strain. 

6.1.3 SUMMARY 

The maximum liner and reber strains at the wall - base juncture are fairly small compared to 

those at mid-height of the cylinder based on global analyses. 

Therefore, it is concluded from this study that tendon and rebar ruptures and liner tearing at mid- 

height of the cylinder wall may still precede structural failure and liner tearing at the wall-base. 

Liner and liner anchor 

Fig.6. I- 1 Computational grids 
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6.2 LOCAL ANALYSIS BY 3D SOLID MODEL NEAR BUTTRESS 

6.2.1 OBJECTIVES 

The purpose of this analysis is to investigate the deformation and the strain of cylinder wall near 

the buttress in detail by a fine meshed model of the buttress part. 

The analytical model is a three-dimensional model in which three-dimensional constraint and the 

normal stress in vertical direction can be taken into accounts- Solid elements , which can express 

stress concentration, are used for the buttress and its vicinity, and shell elements are used for the 

rest of the cylindrical wall. 

6.2.2 OUTLINE OF THE ANALYSIS 

(1) Analytical method 

The model mesh in X-Y-Z coordinates is shown in Fig.6.2-1. The mesh of cylinder part in X-Y 

coordinates is shown in Fig.6.2-2. 

The concrete in the buttress and the vicinity in which the anchored tendons are laid out straight is 

modeled by eight-node solid elements. The concrete in the rest of the cylinder part is modeled by 

eight-node cwed shell elements. The liner is modeled by eight-node curved shell elements, and 

the shell elements and solid elements are connected by rigid beams. The hoop tendons and vertical 

tendons in cylinder part are modeled by truss elements, and the dome tendons and the rebars are 

modeled by embedded reinforcement elements. 

The boundary conditions of lower end of this model is fixed, and side edge of this model are free 

in radial direction and fixed in hoop direction. 

The inner pressure was applied gradually after applying design prestress force to each tendon. 

(2) Prestress force distribution at initial condition 

The prestress force distribution of the hoop tendons in cylinder part was calculated using the 

friction coefficient ( ,U =0.21 l/tad, A =O.OOl l/m) and set value( A L=O.Q7mm)that were shown 

in the design package. 

The prestress force of hoop tendons in the dome part and vertical tendons are assumed to be 

constant 

(3) Interface elements 

The hoop tendon elements and concrete elements are connected by interface elements to represent 

the friction effect. The interface elements are consist of sliding and vertical direction springs. 

Coulomb friction model is used for the sliding springs, and the tiiction coefficient ( ,U ) is assumed 

to be 0.21. The passing tendons and anchored tendons are modeled separately. 
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Fig.6.2-2 The model mesh of cylinder part 
in X-Y coodinates 

Fig.6.2-1 The model mesh 
in X-Y-Z coodinates 

6.2.3 ANALYTICAL RESULTS 

(1) Deformation 

The deformation mode in horizontal section at EL.7600 and the deformation mode in vertical 

direction at 45 deg. position are shown in Fig.6.2-3(a) and (b). 

Fig. 6.2-3(a) shows that the displacement in radial direction at the buttress part is smaller than 

that of the rest of the cylinder parts, therefore deflection angle become larger at the vicinity of the 

buttress. 

Fig. 6.2-3(b) shows the displacement in radial direction is the largest at EL.7500 to 8000 level in 

vertical direction. 

(2) Tendon strain distribution 

Fig.6.2-4 shows the strain distribution of the anchored tendon at EL.7600. The strain of the 

straight part of the anchored tendon is lower than the elongation at rupture strength by the system 

tensile test (3.7%), and the strain of the curved tendon is lower than the elongation by the strand 

static tensile test (8.0%). 



(3) Liner strain distribution 

Fig.6.2-5 shows the liner strain distribution at EL.7600 level. Though the liner strain concentrates at 

the vicinity of the buttress, the strain level is below critical strain level (33%) at a pressum of 1.55 MPa. 

(4) Rebar strain distribution 

Fig.6.2-6 shoivs the strain distribution of inner and outer hoop rebars at EL.7600 level. The inner 

rebar strains concentrate at the vicinity of the buttress, and the reaches the rupture strain level 

(21.3%) at a pressure of 1.55 MPa. 

The outer rebar strains at X=2OOOmm (X:distance from 0 dig.) where reinforcing ratio changes 

are larger than the strain in the rest of part, but lower than the critical strain. 

The maximum strain of the steel materials are summarized in Table 6.2-l. 

6.2.4 THE CRITICAL STRAINS OF THE REBARS EMBEDDED IN CONCRETE 

The critical strain of the rebars embedded in concrete is supposed to be smaller than that of bare 

bars. To investigate the influence of this behavior on the limit pressure, the critical strains of mid 

height level reinforcement was calculated. 

The critical strains depends on crack spacing of reinforced concrete members. The calculated 

critical strain is 6% to 14.5% for this model condition. 

(a) Deformation mode 
in horizontal section at EL.7600 

EL. 
12ooo 

loo00 

8000 

I 100 200 300 400 

Radial displacement (mm) 

(b) Deformation mode 
in vertical direction at 45 deg. 

Deformation mode 
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Table 6.2-l Maximum strains 

I Tendon I Lii I 
Inna outer 

hotmmbr hoon r&m 
1.4 MPa 2.36 % 727 % 4.05 % 2.71 % 

(EL.73001 (EL.8200) (EL.7300) (EL.7000) 
1.45 MPa 3.22 % 11.76 % 6.86 % 3.84 % 

(EL.7000) (EL.=W @‘.7=9 (EL.8200) 
1.5 MPa 4.43 % 19.17 % 13.93 % 5.74 % 

(EL.8200) (EL.7600) (EL.76w (n.aW 
1.55 MPa 6.20 % 30.05 % 21.72 % 10.85 % 

(EL.7600) (u.=W (EL.7600) (EL.7600) 
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6.3 LOCAL ANALYSIS BY 3D-SOLID MODEL NEAR E/H, A/L OPENINGS 

This section describes local analyses for the areas near E/H and A/L with the fine mesh models 

performed to obtain the nonlinear behaviors and to evaluate material strain concentrations. 

6.3.1 ANALYTICAL MODELS 

The two analytical models used here are described as follows :. 

1) EH-AL model : The region between the 62” azimuth and the 324” azimuth, from EL4.675m. 

to EL6.675m with one quarter of the E/H and the A/L openings is idealized. 

2) AL model : The region surrounding the A/L with the entire A/L opening is idealized. 

These analytical models are shown in Fig.6.3-1 and Fig.6.3-2, respectively. 

In the EH-AL model, the A/L center line elevation changed from EL4.52m up to the E/H centerline 

elevation (EL4.67m) due to simplification of the analytical model. 

Concrete is idealized as the 8-node solid elements. Elemental meshing of these models is based 

on the locations of the liner anchors, and it is divided into six parts in the direction of the wall 

thickness. 

The tendons are represented through truss elements, and attached to the concrete by sliding 

elements taking into account friction effects. Reinforcement bars are represented by shell layers, 

which are given an area equivalent to the rebar area, and a Poisson’s ratio of zero to avoid any in- 

plane/out of plane stress - strain interactions. The liner is constructed of quadratic shell elements. 
For the boundary condition, internal pressure is applied on the interior surfaces, and displace- 

ments from the global analysis with the 3D-180” model are applied on the top, bottom, and both 

side surfaces. Rigid beams are used on the boundary surfaces for transmitting rotation compo- 

nents, as shown in Fig.6.3- 1. 

6.3.2 ANALYTICAL RESULTS 

For both models, the contours of deformation mode, the von Mises liner strain, and inner and 
outer rebar hoop strains at 1.55MPa are shown in Fig.6.3-3 and Fig.6.3-4, respectively. Liner 

and inner rebar strain concentrations occur at the rebar cut-off sections around the E/H and the A/ 

L. In the outer rebar, strain concentration is found at the general portion in addition to the rebar 

cut-off sections. 

Vertical tendon and meridional rebar strains are fairly small in comparison to hoop strain in both 

analyses. 

The strain concentration locations, and the maximum strain of materials at 1.45MPa and 1.55MPa. 

are shown in Fig.6.3-5,6. 

In Fig.6.3-5.6, the thick lines indicate the boundary lines of the rebar cut-off sections where 

hoop rebar ratios change. The shaded areas indicate portions of strain concentration. 

It is seen in Fig.6.3-5,6 that the strain concentration of the materials appears in sections where 
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Fig.6.3-I Computational grids @H-AL Model) 

stiffness changes, such as in the rebar cut-off section. The maxi- 

mum liner strain is found at the rebar cut-off section around the 

A/L. The maximum strains of the materials are shown in 

Table.6.3- 1. Maximum strains of the AL model are bigger than 

those of the EH-AL model, because the boundary displace- 

ments are applied where strain concentration occurs. 

wFig.6.3-2 Computational grids 

(AL Model) 

The hoop tendon strain distributions at each elevation level (refer to Fig.6.3-7) are shown in 

Fig.6.3-8. The curved hoop tendon strains around the openings are fairly small in comparison to 

those of other areas. The maximum hoop tendon strain is found in the general portion. 

The hoop tendon strain exceeded its critical strain at I .55MPa according to global analyses. In 

these local analyses, the maximum liner and rebar strains at 1.55MPa reach 9.68% and 10.1%. 

respectively. Therefore there is still a margin of safety in the liner and rebar strain in comparison 

with the critical strains of each material. 

6.3.3 SUMMARY 

The liner and hoop rebar strain concentrations occur at the rebar cut-off sections around E/H 

and A/L. The maximum tendon strain is found in the hoop tendon between EL7.0m and EL.8.0m. 

It should be noted from these analyses that the tendon strains exceed the critical strain at 1.55MPa. 

before the liner and the rebar strains reach their critical strains. Therefore, liner tearing and rebar 

ruptures may not occur up to a pressure of 1.55MPa. It is also found that shear failure around 

E/H and A/L may not occur up to the pressure of 1.55MPa. 

-34- 

L-38 



Inner hoop rebar strain 

ter how rebar stra 

- 35 - 

L-39 



i !,jii 

Fiig.6.3-5 Strain concentration of materials at 1.45 and 155 MPa (EH-AL Model) 

T-T-7 

Rg.6.3-6 Strain concentration of materials 
t suttru* 

Table 6.3-l Maximum strains versus pressure 

at I .45 and I.55 MPa (AL Mcdel) Fig.6.3-7 Location of tendons in Fig.6.3-8 
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6.4 LDCALANfiYSIS BY 30 SHELLMODE!LNEZAFt M/S PENETRATIONS 

‘Ihissectiondesu~adetailedanalysisfocusingontheregionnearM/Spenetrationsusing 

the boundary conditions obtained fimn the global analysis by the 3D!Xf shell model descrii in 

sectionS. 

6.4.1 PURPOSE OF THIS ANALYSIS 

Fmm the 3D90* shell model analysis, it was found that the location of a strain concentration is 

therebarcut&fareasneartheM/S. Thepwposeofthisanalysisistoquantitativelyevaluatethe 

boundary behavior of this region using au analytical model which is even more detailed than the. 

3D90° shellmodeL 

6.4.2 ANALYTICAL CONDITIONS 

(1)ANALYTICALMODEL 

Figure 6.4-l shows the region for analysis. Circumferentially, this region is between 

azimuths lI30’ and 225’ and inch&s the M/s penetrakms Vertically, the upper boundary is 

the lowest level at which the hoop tendon ammgement becomes the same as in the general region 

The lower boun&uy lies midway between the M/s and F/W, but excludes the latter. This is because 

it was found from the 3D90’ shell model analysis that the maximumstn3hattheuitiInatepressure 

ofthe~nearF/wullrssnallerthanthatofthematerialsneartheM/s. 

Figures 6.4-2 (aHa) show the kite element meshes used in this analysis. The model is 

based on the tendon arrangement and modeled to be a faithful reproduction of the &uctwal 

members The reinfwced conavte and liner arq modeled as a multi-layered shell element and the 

tendonsastmsseiements. The&arsti&essisinaqnatedasthereinforcedamcrete’smulit- 

laytxd shell element. Iu additioq an interkce element between the liner and the reinforced 

ccm~teisusedtotransmittheiMerpressureioarL -rhelineranchorisalsomodeledasan 

iukrbce element to inwrpor& its effects. 

(2) LOAD CONDlTIONS 

Both intemai pressure on the liner and forced displacement load on the boundary are 

consid& The latter is obtained by interpolating the nodal displ=ment calculated in the 

3D90’ shell model, taking into account the symmetrical condition at azimuth 180’ . Tendon 

pre&res&gisalsoamsidenxI. 
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6.43 AIVALTICAL RESULZS 

F&ures 6.4-3 and 6.M show the distrktbn of slips between the hoop tendon and the 

concreteunderanintemalprasureof155MPaandevaluationlocationsofthehooptendons. At 

the Ievel nearest the M/S (Level 1), the maximum slip oaxus in the region where them is no 

awatlrre variation caused by by-passing of the M/s and the cutoff section of the horizontal 

reinfoxemen~ Thismaybecausedbythenon-unifarmstretchingoftheh~~duetothe 

large variations in stifkss of the rebar cut-off section behwen the M/S penetration reinforcement 

andthegeneralregiou However,theslipsandtheirvariat~s~snallerinthegeneralregion 

(Level2)thaninlevell. 

Figure6.4-5showsacontourofan~~~resultunderanintemalpressureof155MPa In 

thkfigunz,t&thedisplacementandthestminsareevaluatedatnodaIpoints Concar& 

displacementisgreatertheWherthem easurementsaretakenfiomtheM/spenetAun’s 
. remfomdregio~~ Thistendencyisconfkmedinthe3D90° shellmodelanalysis. Asiathe 

mode~theliner’svonMisesstrainisconcentratedatthehorizontalrebarcut-offsectionnearthe 

M/s,butitcanbeseenthatthisisapproximatelyhalfduetotheeff~ofthepenetration 

reinforcement Thestraincontoursoftheinnerandoutahorizantairebarsshowthatthestrainis 

concentrated at approximately the same locations as in the liner. 

6.4.4 MAXIMUM STRAIN IN EACH MATERIAL 

Figure 6.4-6 and Table 6.4-7 show the maximumstrainineacbofthemater&whidlis 
evaluated at inkplkm points of finite elements, and their locations under an internal pressure of 

155MPa ?hetableprimariyindicatesmaterialstrainsinthehoopdirection,butwehave 

examinedthessdinsinthtv~directionandconfirmedthatthesearesmallerthanthatinthe 

hoopdirection, 

Using 6.4-7, we were able to ascertain that the maximumstrainineac.hmaterialunderthe 

ultimateinkmalpnz8ue.wassmaUerthanitsc&icalstraia 

6.45 SUMMARY 

1)Wehaveascertainedthatthe maximumstrainsinthevarioussectionsundertheultimateintemal 

presswe of 155MF’a were smaller than their critical strains due to the effect of the penetration 

reinfbmement near the JWS, and therefore, that the region near the M/S will not fkcture. 

2)Ithasbeenfoundthatthestraininthelinerandthehorizontalrebarsconcentratesnearthe~~ 

cut-offseeti~ 
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Fig.6.4-1. Analytical 

(b) Hoop tendon 

region 

(c) Meridional tendon 

(a} Computational grids 

(d) Liner anchor 

; 0 -2 
.+ 
z IS0 190 200 210213 220 

Azimuth O(degrces) 

Fig.6.4-3. Distribution of slip between hoop tendon and 
concrete at 1.55MPa 

Fig.6.4-4. Locations of tendons refered in 
Fig.6.4-3 
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Fig.6.4-5. Displacement and strain contour at 1.55MPa 
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Chapter 7. LOCAL LINER ANALYSIS BY SHELL MODEL NEAR M/S PENETRATIONS 

7.1 THE STUDY ON MODELING OF THE LlNER ANALYSIS 

Since the linea~ ardysis with three-dimensional shell elements may underestimate the strain values, 

the inmasing effea at where the thickness is changed, is evaluated employing the solid elements. 

Figure 7.1-l shows the outline of the analytical model and Figure 7.1-2 indicates the strain increasing 

effects that should be considered in the analysis with shell elements. 

7.2 AN~YTICAL RESULTS 

In this section the resulti of the liner analysis near M/S penetrations are presented. The analysis 

was carried out based on the results of local analysis by 3D shell model. 

72.1 ANALXTICAL MODEL 

The thradmensional shell elements are employed for the liner plates. (Refer to Fig. 7.2-l for 

analytical model) The spring elements are used to represent the stilfkss of the liner anchors and the 

sun-ounding concrete. The spring stiffness is defined at the anchor location as follows. Tbe rocking 

springs are not consi~ bemuse the study, which is mentioned above, demonstrated that the effects 

of the rocking are very small. 

l i%fhess in the axial direction (TV) of T-anchor :&=O 

l Stifkssintbevenicaldimction(V)ofbner :Kv= 03 

l Equivalent shear stifhess transverse to the T-anchor(S) : K, = 883 MPa 

7.2.2 LOAD CONDR’ION (BOUNDARY CONDITION) 

The stiffness of liner anchor is represented by the spting element The displacements, computed by 

the “Local Analysis by 3D Shell Model Near M/S Penetrations” described in Section 6.4, are imposed 

on the fix-end nodes of tbe spring elements. The displacements of anchor points, which ate not 

presented in Section 6.4, are computed by the linear compensation using tbe displacements of the 

.sumunding anchor points. The displacements obtained from the local analysis by 3D shell model are 

imposed on the exterior circumferential of the anaIytical model Internal pressure up to 1.7 MPa is 

apPhed. 
7.2.3 MATERIAL PROPERTIES AND YIELD CONDlTION 

Conslitutive laws of the liner materials ate mentioned below. 

- stress-SW relationship formula : Refer to the section 2.4 

l Yield condition :vOnMises 

l Rowlule : PrandtI - Reuss 

7.2.4 ANALYTICAL METHOD 

The MARC, general-purpose FEM code, is used for the analysis. The elasto-plastic deformation 

analysis is carried out The forced displacements, imposed on the locations of the anchorage, are 
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increased gradually 

7.25 ANfU..CAL RESULTS 

Figure 7.2-2 shows the displacement pattern of the liner plate. It demonstrates that the displacements 

are small at the reinforced portion for the M/S penetrations and the displacement are large at the rebar 

cut-off portion. Figure 7.2-3 shows the distribution of the equivaknt plastic strain on the surface of the 

liner. ‘The maximum strain is observed in the direction of 221 o at EL7.75m. The maximum equivalent 

plastic strain is 12.1% when the internal pressure is 1.7Mpa at the final step of the analysis. Near M/S 

penetration, there exist large strains caused by the difference of the liner plates’ stiffness. Although the 

maximum equivalent plastic strain is 11.1% when the internal pressure is 1.7Mpa, it needs adjustments 

as described in Section 7.1. Figure 7.1-2 shows the equivalent plastic strain after the adjustment and 

it demonstrates that the maximum strain is 29.6% when the internaI pressure is 1.7Mpa. It is less than 

the critkd strain of 33% of Iinets. Figure 7.2-4 shows the anaIysis resuhs at typical cakulation steps. 

7.2.6 SUMMARY 

The analysis reveals that the maximum strain is 29.6% near M/S penetrations when the internal 

pressure is 1.7MPa. It is less than the critical straiu of 33% of liners. 

6 x=0 
(this entire sutfsce) 

\ L 

6 .=const. 
(upper sulfate) 

(bottom surface) 

(This surface is idatics 

Fig. 7.1-1 : Analytical model of 3D solid 
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Critical Strain 
I I 
, I I 

0.05 0.1 
Equivalent plastic strain (shell model) 

0.15 

Fig. 7.1-2 : Strain increasing efkct to be considered for shell model analysis 

The 
“t?tW 
is 12 

thickness 
penetratic 

3 

raluation point A 

~ The plate thickness at 
general portion is I Simm 

~ A : Location of liner anchor 

\ Evaluation point g - 

Fig. 7.2-l : Liner analysis model (shell model) 
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Wg. 7.2-2 : Displacement dimibution 

LX &xxx surface side] 
Fig. 7.2-3 : E$uivaknt plastic strain disuibution 
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-x [Outer surke +.xmcrete) side] 
?g. 7.2-3 : Equivalent plastic strain distribution 
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Fig. 7.24 Analytical result of the liner near M/S penetration 
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Chapter 8. INFERENCE OF POSSIBLE FAILURE MODES AND ASSOCIATED 
PRESSURES IN 114 PCCV 

This chapter discusses when, where and what kinds of structural materials of the l/4 PCCV may 
cause ruptures, through careful consideration of the global and local analysis results. 
The strain contours of the hoop tendons obtained from global analyses of the 3D90” and the 

3D180” shell models at a pressure of P=l S75MPa are shown in Fig.8- 1. Areas of strain con- 
centration in the hoop rebars and the liner obtained by global and local analyses, are shown in 
Figs. 8-2 and 3, respectively. In these figures, the maximum strains in each areas at pressures of 
1.45 and 1 S5MPa are also indicated. 
Estimation of failure modes of the l/4 PCCV model can be summarized as follows ; 

(1)Global Deformation Mode 
Fig.84 compares the deformation modes of the horizontal section at the height (EL7.4m) where 

maximum displacement apears. Fig.8-5 compares the deformation modes of the meridional sec- 
tions at the azimuth where maximum displacement apears. 
As can be easily seen from this figure, most of the axisymmetric model displacement appear to 

be small in comparison with those of the 3D90” model and the 3Dl80” model. This is because 
all the structure non-symmetries are modeled in detail in the 3D90” and the 3D 180” models, but 
not in the axisymmetric model. In the horizontal section, the location of the maximum displacement 
is found to be in a general portion around 120” or 240” azimuth between the M/S and the 
buttresses. Secondly, the displacement becomes large in the general portion at about 30’ azimuth 
between E/H and A/L. In the meridional sections, the maximum displacements for all global analy- 
ses appear to occur at about EL7.Om. The vertical displacement of the dome’s apex is fairly small 
in comparison with the radial displacement of the cylinder. 

(2) Tendon Rupture 
OFree field locations 

It can be seen from the strain contours of the hoop tendons in Fig. 8-l that areas of large 
strain appeared at two free field locations around the midheight of EL.7.0m of the cylinder 
wall, and that the maximum strain reached the critical strain (8%) at P=1.55MPa. 

Thus, there is the possibility of the hoop tendon rupturing fast in these areas at P=1.55MPa. 
0 Vicinity of openings (E/H, A/L) 

As can be easily seen in Fig. 8- 1, there is no possibility of hoop tendon rupture in the vicinity 
of openings, because strains in these areas are relatively small compared with those in the 
free field locations. 

0 Crushing or concrete shear cone failure at the anchorage portions of the hoop and the ver- 
tical tendons. 
There is no possibility of concrete rupture in these areas, based on the results of local 

analyses of the local buttress model and local wall-basemat juncture model. 
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(3) Rebar Rupture 
As shown in Fig. 8-2, the local rebar strain concentration can be primarily seen at the areas 
of the rebar cut-off sections around E/H, AIL and F/W and the buttresses, and free field 
areas at the midheight of the wall at about EL. 7.0m. Those strain concentrations tend to 
occur in the hoop direction where the stiffness is discontinuous. The maximum rebar strain 
reaches about 10% at a pressure of P=l.55MPa, and does not exceed the critical strain of 
2 1%. However considering the effects of large concrete crack width and the change in bond j 
characteristics, rebar ruptures may occur at locations of local strain concentration. 

(4) Bending/Shear Failure of Concrete 
0 Lower wall-basemat juncture and basemat 

Crushing of cover concrete at the outer surface of the lower wall occurred in the local wall- 
basemat juncture analysis. However, concrete stresses in the remaining portion did not reach 
the compressive strength (450kgf/cm2) when subjected to a pressure of P= 1.55MPa. and 
rebar stresses remained elastic. Thus, there is no possibility of bending/shear failure of the 
concrete at the wall-basemat juncture. 

0 Springline 
The global analysis results indicate that hoop strains in the outer and inner rebars and the 
liner at the location of the springline are much smaller than those in the free field of about EL. 
7.0m. Bending/shear failure will not occur at this area. 

0 Vicinity of openings (E/H&L) 
According to the local analysis results for penetrations and openings, local rebar strain con- 
centrations occurred in all the rebar cut-off sections. However the membrane strain state is 
predominant in these areas, because the outer and inner rebar strains were almost the same. 
Thus, bending/shear failure will not occur in these areas. 

(5) Liner Tearing 
0 Free field locations and vicinity of openings and penetrations 

Liner strain concentrations occur at the areas of the rebar cut-off sections and the vicinity of 
the buttresses, as well as those of the rebars. In Particular, according to the local buttress 
analysis results, liner strain concentration due to the out-of-plane bending moment are occur 
in the vicinity of the buttresses. In addition, the concrete crack width, which grows extremely 
large due to bending, may result in liner tearing in this area Therefore, liner tearing may occur 
in the vicinity of the buttresses at the midheight level between EL. 6.0m and 9.0m. 

0 Lower wall-basemat juncture 
The local analysis results indicate that liner strains close to the H-type anchor, embedded in 
the concrete at the wail-base juncture, has a maximum value. However, this remains only 
within the strain level of 2.1%, and there is no possibility of liner tearing in this area. 

(6) Assessment of Lower and Upper Limits of Ultimate Pressure 
0 Minimum pressure reachable with 90% confidence level 

The lower limit of the ultimate pressure is defined as the lowest of the limit pressures due to 

47 - 

L-5 1 



all the failure modes investigated by the analyses. In fact, the minimum rupture strains of the 
structural materials can be assumed. This way, the critical tendon strain is 3.7%, as given by 
the system verification tests (Design Package), and that of the rebars embedded in the con- 
crete is 6%, as discussed in the section 6.2. The maximum tendon strain is 3.65% at 1.45MPa 
at EL.7.0m in the 3D90” model, and 3.5 1% at 1.46MPa in the 3D180” model. The rebar 
strain first reached 6% at 1.46MPa in the buttress model. Therefore, the minimum reachable 
pressure may be P=l.45MPa. 

0 Maximum pressure reachable with 90% confidence level 
The upper limit of the ultimate pressure is defined as the pressure at which one of the struc- 
tural materials first reaches its critical strain as specified in chapter2. The tendon strains first 
reached 8% at 1.55MPa in the 3D90” model and the 3D180” models. Therefore, the maxi- 
mum reachable pressure may be P= 1.55MPa. 

As a result, the prediction of event milestones required by the SNL can be summarized as 
shown in Table 8- 1. 

Table 8-l Prediction of event milestones 
Event milestones Pressure Location 

First cracking of concrete in cylinder 0.60MPa Around E/H and AA 
,primarily in the hoop direction *I 
IFirst cracking of concrete in cylinder 0.65MPa Around E/H 
!primarily in the meridional hoop direction *1 
First yielding of hoop rebar in cylinder 0.95MPa EL 5.72m 

318’ azimuth 
First yielding of hoop rebar 
/in wall-basemat juncture 
First cracking of dome concrete 
above 45”dome angle * 1 
IFirst cracking of dome concrete 
below 45”dome angle * 1 
IFirst hoop tendon in cylinder 
reaching 1% strain 
First hoop tendon in cylinder 
‘reaching 2% strain 
First hoop tendon in cylinder 
reaching 3% strain 
,Minimum Pressure reachable 
lwith 90% confidence level 
Maximum Pressure reachable 
with 90% confidence level 

Spring line 

1.42MPa 

0.80MPa 

0.70MPa 
270’ azimuth 

1.25MPa EL.7.65m 
Shell 

1.37MPa EL.7.65m 3D90” 
Shell 

1.42MPa EL.6.75m 3D90” 
Shell 

Note * 1: There is a great possibility of existence of initial cracking of the l/4 PCCV test model 
which has experienced severe climate. 
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..,I 
Fig.8-2 Lo&ion of strain concentration of hoop rebar 

Fig.8-3 Location of strain concentration of liner 
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Fig. 8-4 Comparisons of the deformation modes of the results by the global analyses (Axi., 3D90” and 3D180” models) 

at the pressure of P=l S5MPa. 



Chapter 9. CONCLUSIONS OF PRETEST ANALYSIS PHASE 

As a result of this analysis research, failure modes and their associated pressures of the I! 

4 PCCV model under increasing internal pressure can be inferred as follows : 

I) The results obtained from our pretest analyses for l/4 PCCV are almost the same as those 

from the pressure tests of l/6 RCCV (SAND89-0349). That is, the ultimate pressure was 

reached due to local ruptures of structural components at the midheight of the cylinder wall, 

where the maximum radial displacements were obtained or observed. The primary difference 

between l/6 RCCV and l/4 PCCV is their geometrical configurations. That is, most penetra- 

tions and openings of l/6 RCCV were located around the circumference at midheight (EL.3.%m) 

of the cylinder wall. But, those of the l/4 PCCV were located in lower sections. Thus. radial 

displacements in the vicinity of E/H,A/t,and M/S of the PCCV were determined to be rela- 

tively small compared to the maximum, resulting in no main rupture around these areas. There- 

fore, it can be said that the ultimate state of concrete containment structures like PCCVs and 

RCCVs could be induced by local ruptures of structural components due to the local strain or 

stress concentrations at the midheight of the cylinder wall, where the maximum radial displace- 

ments appear. 

2) During the high pressure stage near the ultimate state, strains of the tendons and rebars which 

bear approximately 9 1% of the structural capacity are very close to their critical states. Thus, if 

one of them initially ruptures, catastrophic failure of the PCCV may occur and it will be very 

difficult to find out which one failed first. However, if liner tearing occurs first, a slow depres- 

surization of the PCCV will occur. 

If the test model was constructed accurately, and if any initial imperfections of the materials and 

structural components are also negligible at the time of the tests, the ultimate state of l/4 PCCV 

can be estimated as follows : 

Ultimate pressure : 1.5 MPa 

Failure mode : Rupture of structural elements (tendon, rebar or liner) placed in the hoop 

direction at the cylinder wall height of about EL.7m. 

We all hope for the timeliness of the test performances, and that it will be a great success! 
The End 
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Appendix A, Composite Plots, comprises test data compiled and plotted from all organizations that 
participated in the Restressed Concrete Containment Vessel (PCCV) Round Robin Pretest Analysis. 
To avoid duplicating the composite information, individual sets of data and/or plots have been 
omitted from participants’ reports. In some cases this action resulted in disconnects between callouts 
and content and in the numbering of figures, tables, and pagination in some reports. 

However, Appendix M, “‘KINS, Kmea Institute of Nuclear Safety, Korea,” contains none of these 
discontinuities. 
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summary: 
A pre-test analysis results of 1:4-scale prestressed concrete containment model is presented. Based 
upon configuration of test model and material properties of concrete, liner steel, rebar and tendon 
provided by SNL, numerical analysis was performed using axi-symmetric and 3 dimensional full 
model. In this report the result of 3-D model is stated. 

Table Summarv 
Analytical 
Method 

Constitutive 
Model 

Failure 
Criteria 

Model 
Geometry 

Computer Code 

Failure pressure 

Load increment non-linear finite element analysis. 
Newton regular iteration method. 
Energy based solution convergence criterion. 

Multi-linear elasto-plastic (rebar and liner) 
Bi-linear elasto-plastic (tendon) 
Non-linear Plastic model and smeared cracking 
model (concrete) 

Drucker-Prager yield criteria and tension cut off 
model for concrete Von Mises and work hardening 
plastic model for steel 

layered shell elements for wall and dome 
iso-parametric solid element(basemat and buttress 
concrete) Embedded reinforcement grid (rebar in 
basemat and buttress)Embedded reinforcement bar (tendon) 

DIANA (Release 7.1) 

3.55 P, (1.38MPa) 

1. A description of the mathematical model 
Introduction 
The object of the analysis is to predict overall and local behavior of l/4 prestressed concrete 
containment model subjected to an increasing internal pressure load until failure. This study has been 
carried out by joint effort of Korea Institute of Nuclear Safety(KINS) and Concrete Material and 
Mechanics Laboratory of Yonsei University. 
In general, the pressure retaining structure is shaped and designed to resist the pressure by membrane 
tension, and thus, the transition areas such as juncture and openings are thickened and reinforced 
compared to general area. 
In this study, considering that the failure locations of the previous model tests results performed for 
RCCV and CANDU-6 containment were general section rather than transition area, the investigation 
of cylinder wall part was rather focused on in the analysis. 

Computer Code Used 
The computer program used in this analysis was the DIANA(Release 7.1). This program was chosen 
due to its easy modeling capacity for rebar and tendon using embedded bar and grid reinforcement 
option. 
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Modeling - general 
Cylinder wall and dome were modeled using the 8-node quadrilateral isoparametric layered shell 
element and the apex area of the dome(82 “-90 “) was modeled using 6 node triangular isoparametric 
curved shell elements.(fi g. 1) The layered shell element is composed of 8 layers which consist of 
liner, concrete, inner meridional rebar, inner hoop rebar, concrete, outer meridional rebar, outer hoop 
rebar, and concrete layer in order.(fig. 5) 
The basemat and the buttress were modeled using the iso-parametric solid element.(fig. 3) In order 
to prevent overlap of stiffness in buttress due to the connection between solid element of buttress and 
shell element of wall cylinder, the stiffness of overlapped portion in layered shell element was given 
to zero, and then rebars in this were modeled as grid reinforcement. The solid and the shell element 
are connected using the tying option. 
The rebar in wall and dome is modeled as layer in layered shell element whose thickness is 
equivalent to rebar amount, and the stiffness of rebar is given to placement direction only, for 
meridional and hoop, respectively.(fig. 5) 

Modeling - Embedded reinforcement 
Rebars in basemat and tendons were modeled as embedded reinforcement grids and bars.(fig. 2) 
Embedded reinforcements add stiffness to the finite element model. Their main characteristics are: 
- Reinforcements are embedded in structural elements, the so-called mother elements 
- Reinforcements do not have degrees of freedom of their own 
- Reinforcement strains are computed from the displacement field of the mother element. This 

implies perfect bond between the reinforcement and the surrounding material. Therefore there 
is limitation to consider the unbonded tendon in the model. 

The technique of embedding allows the lines of the reinforcement to deviate from the lines of the 
mesh. This permits to generate the finite element mesh without having to anticipate on the location 
of reinforcements 

Modeling - Omening; Area 
For the openings in containment wall, equipment hatch and airlock are considered in the 3-D model 
and other penetrations are ignored.(fi,. (J 1) The curved tendons around openings are so modeled as 
to follow their placing configuration and location.(fig. 2) The pressure acting on the opening area, 
that is subjected to opening door, is modeled as that the pressure acting on opening areais distributed 
on the nodes in boundary of opening. 

Modeling - Summarv 
- 1060 layered shell elements for wall and dome 
- 596 iso-parametric solid element for basemat and buttress concrete 
- embedded reinforcement grid for rebar in basemat and buttress 
- embedded reinforcement bar for all tendons 

(hoop 108, meridional 90) 

Numerical urocedure 
Physical nonlinearity based on small displacement theory is considered in the analysis. Load 
increment was chosen as analysis increment: step 1 is dead load, step 2 is prestressing, after then 
2steps of 0.5P,, 20steps of 0.1 Pd, lOsteps of 0.05 P,, and then steps of 0.025 P, until no further 
calculation due to divergence. 
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Newton regular iteration was used for iteration method. 
Solution convergence is checked by energy based criterion. This criterion prevent the force 
residual, induced due to stress discontinuity in cracked concrete, which makes error in using 
force based criterion. 
The 30 times iteration in each step is given, and if the result of 30th iteration still does not meet 
the convergence value, and then let the analysis proceed to next step. 
The analysis is stopped when the energy variation between previous and next iteration is rapidly 
increase and finally diverged. That means the strain of tendon is exceeded the rupture strain in 
this analysis. 

2. A description of how the material data were used in the analysis 
2.1 concrete property 
The parameters to be used to define the uni-axial stress strain curve of concrete are listed 
hereunder. Since the test model is prestressed and tested at long time after placing, material data 
of 13 weeks are chosen. With consideration of in-situ curing condition, the in-situ properties are 
assumed as average value of standard curing and field curing 

Compressive Strength (MPa) 
Tensile Strength (MPa) 
Young’s modulus (x lo3 MPa) 
Poisson’s ratio 
Density (ton/m3) 

Basemat Shell & Dome 
46.54 54.53 

3.65 3.83 
28.49 29.47 

0.19 0.19 
2.23 2.23 

The behavior of concrete under uni-axial compression is modeled by the idealized stress-strain curve 
proposed by Hognestad.(fig. 6) For the uni-axial tension, it was assumed that tension is linearly 
increase up to tensile strength and then linearly decrease and reach to zero at strain of rebar yielding 
considering tension stiffening of reinforced concrete.(fig. 8-10) 

2.2 rebar 
The stress-strain behavior is assumed as multi-linear elasto-plastic composed of 4 lines.(fig 1 l- 15) 
Young’s Modulus is taken as 210000MPa. 

Yield 2 nd 3 rd Ultimate 
DlO Strain(%) 0.287 1.314 5.080 8.066 

Stress(MPa) 482.0 465.9 589.5 613.6 
D13 Strain(%) 0.302 0.941 5.045 8.999 

Stress(MPa) 490.1 475.6 616.0 640.4 
D16 Strain(%) 0.283 1.092 4.934 7.726 

Stress(MPa) 476.6 465.0 588.7 606.2 
D19 Strain(%) 0.344 1.474 5.069 9.434 

S tress(MPa) 491.9 488.1 609.1 630.4 
D22 Strain(%) 0.337 0.704 5.038 9.118 

Stress(MPa) 459.0 455.7 618.5 653.2 

2.3 liner 
The stress-strain behavior is assumed as multi-linear elasto-plastic composed of 3 lines. Young’s 
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Modulus is taken as 2100OOMPa, and Poisson’s ratio as 0.3. (fig. 16) 

Strain(%) 
Stress(MPa) 

Yield 2 nd Ultimate 
0.18 5.08 33.2 
382.6 465.9 589.5 

2.4 tendon 
The stress-strain behavior is assumed as bi-linear elasto-plastic. (fig 17) 
The curvature and the friction loss of prestress were considered. The setting loss due to slip of wedge 
was considered as well.(fig. 18-20) 
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3. Description of the failure model used in the analysis 
3.1 Concrete model 
For concrete material modeling, the plastic model of compression and the smeared cracking model 
of tension based on Drucker-Prager failure criterion are used. The behavior of concrete under uni- 
axial compression is modeled by the idealized stress-strain curve proposed by Hognestad. 
In the smeared cracking model, it is assumed that an initial crack occurs when the principal tension 
stress of an integration point on principal stress space reach to tension strength. The second crack 
at the same integration point occurs when the angle of principal stress direction to the direction of 
the first crack exceeds 60” and the principal stress reaches to tension strength of concrete. 
Tension stiffening due to bond effect between rebar and concrete is so modeled that concrete strength 
linearly decreases with increase of strain after cracking and reaches to zero at the strain (*u=O.O0233) 
of rebar yielding.(Fig. 6) For considering the shear strength reduction effect in crack surface due to 
aggregate interlock, the shear retention factor@) of 0.02 is used. 

3.2 steel 
Since rebar, tendon and liner show the same behavior in compression and tension, the von-Mises 
yield criterion and work hardening assumption are applied to the plastic modeling, and the multi- 
linear stress-strain relations are used in material modeling. 

4. Analysis Results and Discussion 
(Plots of pressure history for strain, displacement, of force at every standard output location) 
4.1 Overall Behavior 
The section view of overall deformation at typical load steps is presented in fig.21 - fig.24. In the 
dome, after introducing prestress, more vertical displacement is occurred as closer to the dome apex. 
The inward displacement is recovered as increase of pressure, and then expand to outward. 
The plan view for elevation of 8.73m at typical loads is presented in fig.25 - fig.28. The deformed 
shapes are coincident to the section view, and the distortion of circular shape of cylinder wall is 
taken place due to the effect of openings, buttress, and non-linear behavior and crack of materials. 
4.2 Displacement (Standard Output Location #l-#15) 
The fig.29 shows vertical displacement of standard output locations(SOL). In the dome, as the 
pressure build up, vertical displacement(#lO & #l 1) increases up to around 0.9Mpa, and then going 
down. The displacement at spring line(#8) goes up gradually, and then follows abrupt increase when 
the pressure exceeds 1.2 MPa. This pressure is around yielding pressure for tendons in critical 
section. 
The fig.30 shows radial displacement of SOL(#2-#7, ##) in azimuth 135”. The higher the location 
is, the larger the displacement is. The displacements are rapidly increase when the pressure is beyond 
1.2 MPa. The fig.3 1 shows radial displacement of SOL other then those of azimuth 135”, and the 
trend of displacement is very similar to COL of fig.30. 
4.3 Rebar (Standard Output Location #16-#33) 
The fig.32 shows meridional inner rebar strain of SOL. Most of rebar strains are tension and have 
two transition points. Those are rebar yielding and tendon yielding points. The fig.34 for hoop rebar 
stain shows same trend but higher value compared to fig.32. 
4.4 Liner (standard Output Location #34-##47) 
The fig.35 and 36 show Liner strain of SOL. The strains are increase as pressure build up except #38. 
The deforming trends are similar to rebar. 
4.5 Tendon (standard output Location #48-#55) 
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The fig.37 shows tendon strain of SOL. The large stain is found in #51 and #52. 

5. Pressure Level at Event Milestones 
(Description of pressure levels corresponding to the following event milestones and an explanation 
of how they were derived) 
The pressure level corresponding to each event and the location of event has been determined by 
searching the computer output step by step. 
For the 90% confidence level, it was not easy to be formulated, so that it was proposed by 
engineering judgement. 

- 

- 

- 

- 

- 

- 

- 

- 

- 

first cracking of concrete in cylinder due to hoop stresses 
Pressure level(MPa/Ratio to Pd) : 0.39/l .O 
Location : between 270” buttress and E/H, EL 392-5 15cm, outer face 
first cracking of concrete in cylinder due to meridional stresses 
Pressure level(MPa/Ratio to Pd) : 0.6211.6 
Location : 0” & 180”, El 0-1Ocm 
first yield of hoop rebar in cylinder 
Pressure level(MPaRatio to Pd) : 0.86i2.2 
Location : between 270” buttress and E/H, EL 392-515cm, outer hoop 
first yield of meridional rebar in wall-basemat juncture 
Pressure level(MPa/Ratio to Pd) : 1.27/3.25 
Location : 0” & 180” 
first cracking in dome concrete above 45” dome angle 
Pressure level(MPaRatio to Pd) : 0.430-l 
Location : 0” & 180”, dome 77”-82” 
first cracking in dome concrete below 45” dome angle 
Pressure level(MPa/Ratio to Pd) : 0.47/l .2 
Location : 97.6”-109.2”, dome 31O-45” 
hoop tendons in cylinder reaching 1% strain 
Pressure level(MPaiRatio to Pd) : 1.25/3.2 
Location : 180” mid-height(6.58m) 
hoop tendons in cylinder reaching 2% strain 
Pressure level(MPa/Ratio to Pd) : l-33/3.4 
Location : 180” mid-height(6.58m) 
hoop tendons in cylinder reaching 3% strain 
Pressure level(MPa/Ratio to Pd) : 1.37/3.53 
Location : 180” mid-height(6.58m) 
best estimate of static failure pressure 
Pressure level(MPa/Ratio to Pd) : l-38/3.55 
(Hoop tendon reaching rupture strain) 
minimum pressure reachable with 90% confidence level 
Pressure level(MPa/Ratio to Pd) : 1.2513.2 
(Hoop tendon reaching 1% strain) 
maximum pressure reachable with 90% confidence level 
Pressure level(MPaRatio to Pd) : l-44/3.7 
(hoop tendon reaching 4% strain, considering the strain absorbing of adjacent tendon in 
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unbonded type tendon system and modeling error) unbonded type tendon system and modeling error) 

6. Conclusion 6. Conclusion 
A pre-test analysis results of 1:6scale prestressed concrete containment model is presented. By 
checking the overall deformed section and plan views and deformation-pressure history plot, the 
results are considered to be reasonable. 
After the pre-analysis, the analysis model has been reexamined. The items which the modification 
and further studies to be required are as follows: 
- modeling technique of unbonded tendon 
- finer mesh for transition area 
- enhancing the connection technique for shell and solid element in juncture 
The analysis modeling technique for PCCV, assumption of failure criteria, and etc. will be modified 
and enhanced with consideration of test results. 

A pre-test analysis results of 1:6scale prestressed concrete containment model is presented. By 
checking the overall deformed section and plan views and deformation-pressure history plot, the 
results are considered to be reasonable. 
After the pre-analysis, the analysis model has been reexamined. The items which the modification 
and further studies to be required are as follows: 
- modeling technique of unbonded tendon 
- finer mesh for transition area 
- enhancing the connection technique for shell and solid element in juncture 
The analysis modeling technique for PCCV, assumption of failure criteria, and etc. will be modified 
and enhanced with consideration of test results. 
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Fig.3 buttress & basemat modeling 
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Fig. 11 material modeling of D10 rebar Fig. 12 material modeling of D 13 rebar 
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Fig. 15 material modeling of D22 rebar Fig. 16 material modeling of liner 
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Fig. 19 analytical prestress loss of h 1 tendon Fig.20 prestress loss of vertical tendon 

Fig.2 1 deformation at prestress (300-scale) Fig.22 deformation at 1 .O Pd (300-scale) 
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Fig. 31 Radial Displacement II 
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Appendix A, Composite Plots, camprises test data compiled and plotted from all organizations that 
participated in the Prestressed Concrete Ccntaimuent Vessel (PCCV) Round Robin Pretest Analysis. 
To avoid duplicating the composite iufcrmation, indivi~ sets of data and/or plots have been 
omitted f&m participants reports. In some cases this action resulted in disconnects between callouts 
and content and in the numbzing of figures, tables, and pagination in some reports. 

In Appendix N, “KOPEC, Korea Power Engineering Company, Korea,” discontinuity arises f?om 
omitting the following materi& 

Annendix A. ‘55 Standard Outuut for PCCV Round Robin Analysis’ 
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I. Introduction 

The purpose of the work contained herein is to summarize the pretest analysis results performed by Korea 

Power Engineering Company to determine the ultimate pressure capacity of pre-stressed concrete 

containment (I:4 scale PCCV) designed by OBAYASI and MISUBISHl [I]. 

For the nonlinear finite element analysis, the Sandia National Laboratories 1 &scale prestressed concrete 

containment structure is ideal&d as an ax&symmetric model and a three dimensional global model. In 

order to simulate the real behavior of the PCCV, both numerical models are refined by the comparison of 

the results or the existing research results. Also, more recently developed material models for concrete are 

introduced to the finite elements models: One is Menetrey-Willam’s concrete faifure criterion which is 

used for the axisymmetric model, and the other is the Modified Drucker-Prager’s model which is used for 

the three dimensional global model. 

Prior to performing the nonlinear finite element analysis, the internal pressure capacity of the containment 

shell sections in which only membrane forces are predominant, such as the midheight cylindrical portion 

is first predicted by a simple numerical analysis. The actual pressure capacity and the mode, location, and 

size of failure were determined based upon nonlinear finite element analysis for increasing pressure 

magnitudes including pressure levels corresponding to the requested events milestones 

The computer program ABAQUS [2] was used to analyze an axisymmetric finite element model and a 

three dimensional model of the containment using nonlinear material properties of concrete, liner plate, 

reinforcing steel, and prestressing tendon by increasing the internal pressure to failure. The final results 

include the failure mode and the corresponding internal pressure level. 

Nonlinear analysis results showed that the hoop membrane section near mid-height of the cylinder wall is 

the critical section in both models. Based on the analysis results, the ultimate internal pressure capacity is 

determined to be 1.514MPa and 1.49lMPa, respectively, for the axisymmetric model and the three 

dimensional global model. The ultimate pressure capacities obtained from both fmite element analysis 

models are larger than the ultimate pressure capacity obtained by simple numerical analysis using 

Matbcad calculations. 

Details of the analysis are provided in the body of this report. The response plots at 55 standard output 

locations are derived from both models, axisymmetric and three-dimensional model. However, the results 

from the three-dimensional analysis model are officially submitted to Sandia National Laboratories and 

those from the axisymmetric model are provided for a reference. The response plots from both are 

included in Appendix-A and B, respectively. Also, in order to obtain better understanding of the 

1 
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numerical modeling, a comparisons addressing the consistency or inconsistency of both results from the 

two finite element modeling is performed for the PCCV. 

2 
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II. Constitutive Equations and Mathematical Model 

1. Concrete 

Concrete is characterized by nonlinear material deformation behavior. The material non-linearity is 

assumed to occur due to cracking of concrete in tension and plasticity of concrete in compression. 

However, the material non-linearity due to the latter, that is the compressive failure of the concrete, is 

relatively less important than that due to the former in this study since the failure mode of the 

containment structure under internal pressure governs the tensile cracking mode. Therefore, the 

Menetrey-Willam’s and the Modiied Dmcker-Prager’s failure model to represent the tensile concrete 

cracking are respectively introduced for the axisymmetric and the three-dimensional finite element 

analysis 

1.1 Menetrey-Warn’s Failure Criterion for bisymmetric Model 

The concrete non-linearity has been reproduced by using the Menetrey-Willam’s Model with non- 

associated plastic flow potential which is able to reproduce a pressure dependent yield criterion where 

tensile and compressive strength are different. 

The concrete failure criteria in this model depend on a set of three independent scalar invariants. For 

geometric interpolation, the Haigh-Westergaard coordiites are used in the following equation. 

p=J2J, (2) 

(3) 

Where < is the hydrostatic stress invariant, p is the deviator% stress invariant, and 0 is the deviatoric 

polar angle. The circular trace of the deviatoric polar radius p(8) is transformed into a triple symmetric 

ellipse through the elliptic function r(B,e) as follows, which was developed by Klisinski based on the 

five-parameter model by Willam-Wamke [3]. 

3 

N-7 



r(8, e) = 
4(1- e2) cos’ e + (2e - 1)2 

2(1-e2)c0s8+(2e-1) 4(1-e2)cos2 &5e2 -4e 

The polar radiusr(B,e) extends to all polar directionsO I 0 I 2n using the tbree-fold symmetric. 

Convexity and smoothness of the elliptic function require that 0.5 < e I 1 .O . 

This model is characterized by hyperbolic yield surface in the meridian plane p- R,q , where p is a 

pressure and R-q is a Menetrey-Willam equivalent stress. 

From the relationships between the Willam-Wamke model, the Mohr-Coulomb model, and the Menetrey- 

Willam model, equation (4) can be translated into equation (5) [3]. 

R,, (e,e) = 
4(1-e2)c0s28+(2e-1)’ 

JLc(;d (5) 
2(1-e2)c0se+(2e-1) 4(1-e2)c0s2 B+5e2 -4e 

where R,,C~,I) = 
(3 - sin 4) 

6~4 
is a polar radius of the #-plane in the Mohr-Coulomb model. When 

the eccentricity value is taken as e = 0.52, the resulting failure trace of this model provides close 

agreement with the experimental data by Kupfer, Hilsdrof, and Rush[4]. When the eccentricity value is 

0.52, the friction angle and the dilation angle, which can be induced from the relationships between the 

Mohr-CouIomb model, the Drucker-Prager model, and the Menetrey-Willam model, are 71.56 degrees 

and 56.97 degrees, respectively. Also, based on Smith’s experimental study the non-associated plastic 

flow potential is adopted for this model[5]. Therefore, an unsymmetric system of equations is created and 

the UNSYMM=YES parameter on the *STEP option is used in ABAQUS. 

1.2 Modified Driwker-Prageis Failure Criterion for 3D Model 

A Modified Trucker-Prager’s failure criterion is used to represent the tensile concrete cracking for the 

three-dimensional analysis model as aforementioned. In this failure model, the yield surface and flow 

potential parameters for elastic-plastic material are defined by setting of the model parameters such as the 

K-factor, the friction angle fl, and the dilation angle H2]. The non-associated flow potential and the strain 

hardening are considered. This failure model provides approximate global solutions since the orthotropic 

nature of the post-cracking is not captured. 

The Drucker-Prager yield function is written as equation (6)[2,6$ 

F =t-pun/S-d =0 
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Where t=(q/2)[1+(l/K)-(1-llK)(r/q)‘], with the stress invariants, p, q, r, defined in stress 

and strain m easurements. The shear strength of the material, d, is related to the uniaxial tension or 

compression yield stress. In the case of tension yield stress, the shear strength of the material is defined 

by equation (7). 

d = (++$an/3)o-t (7) 

The material parameter iqe, f, ) controls the shape of the yield surface in the deviatoric plane. To 

ensure convexity of the yield surface, K(8, f,) must use between 0.778 and 1 .O. The friction angle p is 

the angle between the yield surface and the pressure stress axis in the meridian plane. 

The plastic flow potential for this model is written as equation (8), 

G=t-ptanqv (8) 

where the dilation angle w is the angle between the flow potential and the paxis in the meridian plane. 

When the material parameter is taken as K = 0.778, the resulting failure trace of this model provides 

good agreement with the failure trace of the Menetrey-Willam model at e = 0.52. The friction angle and 

the dilation angle, which can be induced from the relationships between the Mohr-Coulomb model, the 

Drucker-Prager model, and the Menetrey-Willam model, are 71.56 degrees and 56.97 degrees, 

respectively. The non-associated plastic flow potential is adopted for this model and thus the 

UNSYMM=YES parameter on the *STEP option is used in ABAQUS. 

2. Reinforcing Steel (Rebar) 

Rebar materials are generally incompressible when they deform plastically and yielding is independent of 

the pressure stress. The von Mises failure criterion is therefore used for this steel material. 

According to Hsu’s study result [A, the stress-strain curves of a bare steel bar and of a steel bar 

embedded in concrete arc quite different. The stress-strain relationship of rebars embedded in concrete are 

introduced in the analysis instead of those for bare rebars. The shape of the stress-strain curve of the rebar 

resembles two straight lines with the slope of E, before yielding and the slope of E,’ after yielding as 

shown in the Figure 1. The stress level at which the two straight lines intersect is designated as fy *. 
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f, = fo’+Ep’% for f, > fy’, (11) 

where, f,’ is the vertical intercept of the post-yield straight line. The intersection stress level fy ’ and 

the plastic modulus Ep’ depend mainly on the level of the apparent yield stress fy *. Assuming that 

f,,’ and E,’ are linear functions of f,, *, 

5’ fY * -=3.3-2.5--- 
-EP f. 

(13) 

The plastic modulus, E,, is the slope for the strain-hardened bare rebar. All rebars in the prestressed 

containment structure are modeled by using the rebar sub-element provided by ABAQUS. 

EY Eh 

j E 
c 

0.05 

Figure 1 Stress-strain relationship of rebar using bilinear model 

3. Prestressing Tendon 

The stress-strain curve of tendon consists of two straight lines jointed by a curve knee shown in Figure 2. 

The first part is a straight-line up to 0.7f, , where fp. is the ultimate strength of the tendon. The 

second part is expressed by the F&n&erg-Osgood equation that meets the first part at a stress level of 
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0.7$, . The Ramberg-Osgood equation (14) is as follows : 

fp = (14) 

L ..I 

where fp is the stress in the tendon, Ep’ is the tangential modulus Ramberg-Osgood curve at zero load, 

and ~~ is the sum of the strain in the tendon. 

In the finite element methodology, tendons can be modeled by either the discrete, the embedded or the 

smeared approach. KOPEC has used the embedded approach available in ABAQUS and thus tendons are 

modeled by using the rebar sub-efement in concrete. Modeling the tendons as rebar sub-elements implies 

that the tendons are assumed bonded to the concrete. That is, slippage of a tendon within the tendon 

sheath is not considered due to the limitation of ABAQUS in the study. 

fp = 
E’psEp 

I 

f p = Eps~p where gp = gdec + k, 

’ E’&g 

l.7fP” 

4. Liner Steel 

Figure 2 Stress-strain relationship of prestressing tendon 

The stress-strain behavior of the liner plate steel is modeled by using an eiastoplastic model that is 

available in ABAQUS. The von M&es failure surface with kinematic hardening is used to represent the 

nonlinear behavior of the material. 
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III. Material Properties 

1. General 

To obtain a realistic estimate of the capacity of the 1%scale prestressed concrete containment structure, 

the actual properties are used instead of nominal properties for the concrete, reinfbrcing steel, post- 

tensioning tendons and liner plate. The actual material properties used in the construction of the 1:4-scale 

PCCV are established from test data provided by Sandia National Laboratories for materials[ 11. 

2. Concrete 

The material data for trial mix concrete based on the field curing are used for the numerical analysis and 

the compressive strengths of concrete for pours to date, 13 weeks (@91 days) are used instead of the 

specified strength to simulate more realistic behavior of the 1:4 scale PCCV. The selected material 

properties based on the above are given in Table 1. 

Table 1 Concrete material properties 

Basemat Shell & Dome 

Elastic modulus (MPa) 2.795 x 1 o4 2.697x104 

Compressive strength(MPa) -39.16 -47.30 

Tensile strength(MPa) 3.37 3.45 

Poisson’s ratio 0.18 0.18 

3. Reinforcing Steel 

The stress-strain behavior of the reinforcing steel is modeIed by using the elasto-plastic model in the 

computer program ABAQUS. The material properties for each rebar type are selected from the test data 

and the following rebar sizes shown in Table 2 are included in the numerical model. Also, the rebar types 

are decided per the rebar specification shown in drawing of model-general arrangement [ 1] as, (1) SD 490 

for basemat main bar and around tendon gallery opening, (2) SD390 for the basemat shear bar, main bar 

and bar around wall opening, and (3) SD345 for the radial tie. However, the shear bar in the basemat and 

the radial tie in the wall are not included in the three-dimensional fmite element model due to limitation 
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of numerical model. 

Table 2 Reinforcing matex ti properties 

Elastic moduhrs(MPa) 

Poisson’s ratio 

Yield stress(MPa) 

Ultimate stress(MPa) 

Elongation(%) 

D6 DlO D13 D16 
(SD345) (SD390) (SD390) (SD390) -L$i$$E 
OJ 

369.4 
I 

472.9 
I 

432.3 
I 

457.5 

489.4 1 652.8 1 610.6 1 616.5 

30.4 j 20.5 1 24.2 1 22.1 

0.3 
I I 

0.3 0.3 

473.1 I I 459.0 512.2 

658.3 
I I 

680.8 709.7 

21.1 / 18.7 1 17.8 

4. PmAressing Tendon 

The following material properties are decided based on the tendon system test data from Sandia 

Laboratories and the stress-strain relationship of tendon aforementioned in section II.4. The smallest 

ultimate stress of tendon among those for the six specimens tested are used for post-tensioning tendon 

model. The elastic modulus and elongation are directly from the tendon system test data. Also, the elastic 

limit stress is defined as 70% of the ultimate stress and the yield stress corresponding to 1% yield strain is 

calculated by the equation (14). 
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- Elastic modulus = 

- Poisson’s ratio = 

- Elastic limit stress = 

- Yield stress = 

- Ultimate stress = 

- Elongation = 

1.9lE5MPa 

0.3 

1.339E3Mpa 

1.69lE3Mpa 

1.912E3MPa 

3.51% 

5. Liner Plate 

Two sets of liner material samples, LPY in meridional and LPX in hoop, were provided by Sandia 

national Laboratories [il. However, for simplified numerical modeling, the following average material 



properties for hoop with lower yield stress are considered for both directions in the numerical model. The 

differences of material properties for both are negligible and thus the effects on the analysis results are 

judged to be also negligible. 

- Elasticmodulus = 2.187E5Mpa(2.23E+O4 kgYmm*) . 

- Poisson’s ratio = 0.3 

- Yield stress = 

- Ultimate tensile stress = 

- Elongation = 

375.595Mpa(38.3 kg&un2) 

499.158Mpa(50.9 kgGmm*) 

33.0% 



IW Finite Element Analysis Model 

This section describes the fmite element analytical model developed for the iterative nonliear analysis by 

the ABAQUS computer program [Z] to determine the internal pressure capacity of the pre-stressed 

conckte containment. Two finite element models are developed for the analysis of 1:4 scale PCCV 

model: One is an axisymmetric finite element model and the other is the three-dimensional global model. 

1. Simple Numerical Analysis 

A preliminary prediction of internal pressure capacity of the containment concrete section is needed to 

make a more efficient fmite element model. Therefore, the capacity of containment shell section such as 

the midheight cylindrical portion in which only membrane forces is predominant, is fast predicted by 

using a the simple numerical analysis. Mathcad performs the simple analysis with algorithm considering 

force equilibrium and strain compatibility [S]. 

, 

The predicted pressure at concrete cracking from the simple calculation is determining to OHMPa. The 

pressures corresponding to liner yielding and reinforced steel yielding are respectively i.OOSMPa and 

1.198MPa. The pressures at the elastic limit or at yielding strain of the tendon are predicted as 1.034MPa 

and 1.323Mpa, respectively. That is, the predicted internal pressure capacity of the I :4 PCCV model can 

be judged 1.323MPa. Also, the pressure corresponding to 2% and 3% strain of the tendons are calculated 

as 1.358MPa and 1393MPa, respectively. 

The simple analysk shows that the concrete cracks are first developed, yielding of the liner and 

reinforcing bars occurred next and fmaiiy the prestressing tendon yield. The radial displacements 

corresponding to the pressures are shown in the Figure 3 and the above-predicted capacity can be also 

judged from this figure. 

2. Axisymmetric Finite Element Model 

2.1 General 

The axisymmetric finite element model which is utilized to predict the overall response of the 1:4 PCCV 

under inkmal pressurization is fast established as shown in Figure 4. This model consists only of the 

axisymmetric cylindrical vessel, a spherical dome and the concrete base slab. This model is intended to 

provide the general global behavior of the PCCV model considering uplift. This model consists of 809 

axisymmetric solid elements, nonlinear soil spring elements and 4698 nodal points as shown in Figure 4. 

Prestressing tendon modeling, pressurization and self-weight are similarly considered as those for three- 
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dimensional model in the following Section 3. 

Figure 3 Radial displacement corresponding to the internal pressure 

2.2 Shell and Dome Model 

The dome and cylindrical wall concrete is modeled with eight-node ax&symmetric solid elements. The 

liner steel on the inside surface of the PCCV is made up of three-node shell elements. The liner elements, 

which are offset from the prestressed concrete elements, are connected to the concrete solid elements by 

rigid link elements. All rebars and tendons are assumed to remain rigidIy bonded to the concrete and thus 

are modeled by using the rebar sub-element provided by the ABAQUS computer program. Vertical liner 

anchors are modeled as a beam of rectangular cross-section dimension. The cross-sections of liner 

anchors are computed based on the area and the bending stiffhess of the embedment. Prestressing is 

induced in the tendons with use of the *INITIAL CONDITIONS option in ABAQUS. 

23 Base Slab Model 

The base slab is included in the fmite element model to simulate the possible vertical uplift of the base 
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during internal pressurization and to estimate the effect of the base slab on the failure mode. The 

previously described shell and dome model is connected to the base slab model and consists of eight-node 

solid elements. The tendon gallery is considering in the model. 

The floor liner piate is assumed rigidly co~ected to the eight-node concrete solid elements since the 

effect of steel and concrete interaction during the flexural deformation of the slab is not significant for the 

thick base slab of the PCCV. Reinforcement of the slab is estimated from the provided structural drawings 

and is included in the analysis model. All rebars in the basemat are modeled as those of shell portion by 

using the rebar subelement of ARAQUS. 

The bottom of the slab rests on a soil foundation, which is modeled by nonlinear soil springs with tension 

cut-off. Since Sandia National Laboratories did not provide the soil properties, the compression sti.fI%ess 

is considered as an empirically large value, which did not, happen the compressive behavior and the 

tension stiffness was neglected. 

3. Three-dimensional Finite Element Model 

3.1 General 

The three-dimensional finite element model includes large penetrations, such as equipment hatch and air- 

lock, which will cause deviation from an axisymmetric response and may decrease the capability of the 

PCCV. In order to simulate more realistic behavior near these regions, a more refined mesh is developed 

as shown in Figure 5. Also, a rigid interconnection between shell element in the base slab and shell 

elements in the wall is introduced to properly simulate the shell/slab junction. The model consists of 1720 

four-node shell elements, nonlinear soil spring elements and 1425 nodal points. 

3.2 Shell and Dome Model 

The dome and cylindrical wall are modeled with composite shell elements consisting of a thin inner layer 

of steel representing the liner and much thicker outer concrete muti-layers. All reinforcing bars in the 

dome and cylindrical wall are modeled by using the rebar sub-elements provided by the ABAQUS 

computer program. The tendons are also modeled as rebar sub-elements. Pmstressing described in the 

following Section 3.4 is induced in the tendons with use of the *INITIAL CONDITIONS option in 

ABAQUS. Aforementioned in the axisymmetric model, the tendons are similarly assumed to remain 

rigidly bonded to the concrete and thus modeled by using the rebar sub-element provided by ABAQUS 

computer program. Therefore, the slippage of a tendon within the tendon sheath can not be considered in 

the analysis model. 
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Figure 4 Axisymmetric Finite Element Model 
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3.3 Base SIab Model 

The reinforced concrete base siab is also modeled by four-node composite shell elements consisting of an 

inner thin layer of steel representing the liner and much thicker outer concrete multi-layers. Since the base 

slab is modeled by shell elements, the tendon gallery is not included in the three-dimensional model. 

The bottom of the slab rests on a soil foundation, which is modeled by the nonlinear soil spring with 

tension cut-off as those for the previously described axisymmetric model. Since the soil properties were 

also not provided, an appropriate elastic modulus was introduced only to simulate the uplift by using the 

nonlinear spring with tension cut-off. That is, the compression sti&ess is considered as an empirically 

large value, which did not, happen the compressive behavior and the tension stiffness was neglected. All 

rebars in the base slab are modeled by using the rebar sub-element of ABAQUS. 

3.4 Prestressing Tendon Model 

The magnitudes of stress along the length of the meridional and hoop tendon in the concrete are 

calculated with considering the prestress losses, which result from: (1) the friction between the tendon 

and the concrete, (2) the eIastic shortening of the concrete, (3) the creep and shrinkage of the concrete, 

and (4) the stress relaxation in the prestressed tendons. 

The vertical prestressing forces of 113. lkips before anchoring and 105.8kips after anchoring are 

introduced from the PCCV Modei-General Arrangement provided by Obayashi Cooperation [I]. Based 

on the prestressing at anchorage, the magnitudes of stress along the length of the vertical tendon shown 

on Figure 6 are calculated and introduced in the f&e element anaIysis model with consideration of losses 

shown in TabIe 3. That is, the tendon stresses after friction loss are considered at three locations of the 

numerical model, i.e. 1128.OMpa at the anchorage, 122LOMPa at the springline and 789.988MPa at the 

apex of dome. 

The hoop tendon forces of 1019kips before anchoring and 78.7kips after anchoring provided by 

Obayashi Cooperation are also used in the calculation of tendon stress. The magnitudes of stress along the 

length of the hoop tendon are calculated as those for the vertical tendon and are shown on Figure 7. For 

the simplified numerical modeling, the averaged stress of 724.915MPa along the length of the hoop 

tendon is introduced in the fmite element analysis model instead of varied tendon profile. 
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Figure 5 Three-dimensional fmite element model 



Table 3 Lmses of prestress 

Elastic shortening of concrete 

Creep of concrete 

Shrinkage of concrete 

Vertical Tendon Loss, Hoop Tendon Loss, 
hPa(ksi) MPa(ksi) 

31.855(4.620) . 31.855(4.620) 

66.999(9.717) 83.829(12.158) 

129.309(18.754) I29.309( 18.754) 

Steel relaxation 

Total losses 

19.747(2.864) 

247.910(35.955) 

14.473(2.099) 

259.473(37.632) 

0 5 10 15 20 

Lenoh (m) 

Figure 6 Vertical Tendon Stress 
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Figure 7 Hoop Tendon Stress 



3.5 Serf-weight and Internal Pressure 

Because of the elastic support below the bottom slab, the effect of the weight of the structure had to be 

accounted. This is accomplished by specifying as a mass proportional load for each material included in 

the !:4 scale PCCV model prior to initiating the internal pressure. The weights of each material are 

considered in the numerical model by using the GMVITY parameter of *DEAD LOAD option in 

ABAQUS. 

Pressure loads are specified to act as a uniformly distributed force, remained normal to the interior 

element surf& of the containment shell and base slab as it deforms. The magnitude of the internal 

pressure is applied in increments as shown in Figure 8 up to or beyond the failure pressure as defined by 

3% strain in the post-tensioning tendons. 

1.8 

0.0 40 .o 80.0 120.0 160.0 200.0 240.0 

Times (set) 

Figure 8 Internal Pressurization 

4. Probabilistic Pressure Capacity 

The internal pressure fiagiiities of the 1:4 scale PCCV model are determined in a similar procedure in 

Reference 9. Therefore, this report does not describe the detailed approach and only show how to derive 

the value for uncertainties. The pressure fragilities for the PCCV can be defmed as the conditional 

probability of failure for a given level of internal pressure and thus is expressed in terms of its ultimate 

‘pressure capacity, P. In most case, the pressure capacity is expressed in the form: 
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P=EP, (15) 

in which P,,, is the median internal pressure capacity at which failure occurs and a logarithmic standard 

deviation & is a random variable that represents uncertainty in the median pressure capacity. The 

median internal pressure capacity P, is the result derived from fmite element analyses in the previous 

section. 

The pressure capacity with a low probabihty of failure is considered to be the pressure at which there is 

only a 10% probability of exceedance or 90% non-exceedance. This capacity is determined as fohows: 

90% Non - exceedence Pressure = Pm exp(-1.29 pu ) (16) 

Based on the properties of the lognormal distribution, the lognormal standard deviation 

associated with the uncertainty is composed of the lognormal standard deviations associated with 

the structure strength, jYS and the modeling accuracy, fl, as follows: 

flu = (A’ + PM’Y’ (17) 

The uncertainties of materials included in the PCCV model is obtained from SANE62445 and therefore, 

uncertainties for each material property is 0.08 for tendons, 0.10 for the reinforced steel, and 0.05 for the 

steel liner. The model uncertainty was neglected in this study. The uncertainty, therefore, is 

flu = 0.13747727 _ 

Eked on the above, the maximum pressure capacity reachable with 90% confidence level is cakuIated to 

be 1329MPa and 1.299Mpa, respectively, for the tisymmetric fmite element analysis and the three 

dimension fmite element analysis. 
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V. Analysis Results and Discussions 

1. Standard Outputs for PCCV Round Robin Analysii 

The pretest analysis results at 55 standard output locations from the three-dimensional model were 

officially submitted to the Sandia National Laboratories and are shown in the Appendix-A. Also, in order 

to provide information on the response of the I:4 PCCV model, several output locations are added by 

KOPEC and analysis results at 55 stat&d locations from the axisymmetric model are shown in 

Appendix-B for comparison. 

We considered the yielding of rebar to have occurred when the stresses in the rebars exceeded the 

nominal yield stresses defined as each rebar type. The computer program ABAQUS indicates the yielding 

for each rebar included in the finite element model automatically and thus the corresponding pressure 

level can be captured. The behavior of concrete up to the tensile strength is characterized by the theory of 

linear elasticity and a crack is initiated at tensile strength. In the ABAQUS, cracking is assumed to occur 

when the stresses reaches a tihrre surface, which is called the “crack detection surface”, and the program 

indicates the cracking automatically. Based on the above, the pressure levels corresponding to the events 

milestones requested by Sandia National Laboratories are shown in Table 4. 

In addition to the events requested by Sandia national Laboratories, it is observed that the hoop rebar in 

the mid-height cylinder first yields at a pressure of 1.183MPa and the meridional outer rebar in the wall at 

spring line fitst yields at a pressure of 1.407MPa. Maximum radial displacement is obtained at the El. 

6.2Om and the azimuth 135O that is a standard output location and is shown in the plot-6. The analysis 

result indicates that the maximum strain of hoop tendon happens at mid-height of the cylinder near 

azimuth 225” and is shown in the plot-52. 

2. Resutts and Discussions 

2.1 General 

This section provides information on the response of the PCCV with regard to the deformations along 

shell and dome, as well as the strain or stress in the liner, the rabars and tendons. The overall deformed 

configuration of the PCCV at final stage is shown in figure 9 for axisymmetric with magnification 4.0 and 

in figure 10 for the three-dimensional model with magnification 7.3. 

In’ order to improve the numerical model, the behaviors t%om both fmite element models are also 

compared for each result. Comparison for the following cases is typically shown in this Section: (1) The 
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radial displacements at midheight of cylinder for each increments of internal pressure (Figure 1 1), (2) the 

vertical displacements at dome apex and walI base (Figure 12 and Figure 13), and the strain in the rebar, 

the liner and tendon (Figure 14 - Figure 17). The modes of failures predicted by both analysis models are 

similar except for a few cases. 

Table 4 Pressure levels(MPa) cotresponding to the events milestones 

Axisym. Model 

First cracking of concrete in cylinder due to hoop stresses 0540 

First cracking of concrete in cylinder due to meridional stresses 0.602 

First yield of hoop rebar in cylinder 1.051 

3-D Model 

0.537 

0.606 

1.083 

First yield of meridional rebar in wall-basemat juncture I I 1 A69 

First cracking of dome concrete above 45” dome angle 0.602 0.606 

First cracking of dome concrete below 45’ dome angle 0.602 0.606 

Hoop tendons in cylinder reaching 1% strain 1.435 1.407 

Hoop tendons in cylinder reaching 2% strain 

Hoop tendons in cylinder reaching 3% strain 

Best estimate of static failure pressure 

1.474 1.453 

1.514 1.491 

Miniium pressure reachable with 90% confidence level I I 

Maximum pressure reachable with 90% confidence level 1.329 1.299 

2.2 Axisymmetric Model 

Concrete cracking is initiated at 0.49lMPa from the inside surface of the cylinder base and this is judged 

due to the out-of-plane bending behavior. Then, the hoop and meridional cracking of the cylinder are 

observed from the outside face of midheight at 0.54OMpa and 0.602Mpa, respectively. The cracks at the 

dome concrete above 45’ dome angle and below 45O dome angle also formed at the same pressure of 

0.602MPa. Cracks spreading over PCCV are occurred at the ultimate state. 

The liner yielding at midheight of the cytinder is observed to start at a pressure of 0.76MPa, and then 

reaches the wall base at 0.89MPa. The hoop mbar yielding begins at midheight of the cylinder at 

1.05lMpa and the maximum strain of hoop rebar at the final stage is observed as 7.84%. The maximum 
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strain of rebar is relatively small compared to the ultimate strain (22.1%) given for the PCCV. 

The yield of hoop tendons starts at midheight of cylinder at 1.397Mpa, and the maximum strain of hoop 

tendon becomes 7.84% at fina stage and the corresponding pressure is 1 S25MPa. This strain is relatively 

larger than the ultimate strain of the tendon given as minimum 3.5 1% fos the PCCV. 

The probabilistic pressure of PCCV is calculated per the simplified method mentioned in the previous 

Section. The maximum pressure reachable with 90% contidencc Ievel is 1329MPa. 

2.3 Three-dimensional Model 

The concrete cracking is initiated from inside surface of cylinder base at 0.406Mpa. This is a little bit 

smaller than the corresponding pressure (0.491Mpa) from &symmetric model. The hoop and meridional 

cracking of the cylinder occurs from outside face similarly to those fi-om axisymmetric model at 

OS37MPa and 0.606MPa, respectively. The cracks at the inside face of dome concrete above a 45” 

dome angle and below a 45” dome angle are formed at the same pressure as that for the meridional 

crack in cylinder, i.e. at 0.606MPa. Cracks are widely spreaded over the PCCV at the ultimate state. 

The liner yielding corresponding to the 1% strain begins at midheight of cylinder when the pressure of 

0.84MPa is applied and the yielding at the wall base is finally detected at 0.89MPa The maximum strain 

of liner at the final stage reaches 3.16%. This is much less than the ultimate strain 33% and thus the 

failure of liner judged not to occur at final stage. 

Similarly to the axisymmetric case, the yielding of hoop rebar begins at midheight of cylinder and the 

corresponding pressure is 1.083Mpa. The highest strain of hoop rebar observed is near the cylinder 

midheight in which the strained to 3.16% and the hoop rebar is strained to 3.18%. 

The yield of hoop tendon is detected at first near the midheight of cylinder at 1.376MPa The maximum 

strain of hoop reaches finally to 3.93% with 1.5 18Mpa and this strain can be compared to the minimum 

strain of the tendon, 3.5 I %. 

The probabilistic pressure of PCCV is estimated based on the previously described simplified method. 

The calculated maximum pressure reachable with 90% confidence level is 1299Mpa, which is a little less 

than that from the axisymmetric model. This may come from the missing of shear and radial tie due to the 

limitation of the three-dimensional fmite element model. 
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Figure 9 Deformed configuration of axisymmetric finite element model 
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Figure 10 Deformed configuration of three-dimensional finite element model 
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Figure 11 Radial displacement at the midheight of cylinder 
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Figure 12 Vertical displacement at dome apex 
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Figure 14 Strain of outer hoop rebar at the midheight of cylinder 
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Appendix A, Composite Plots, comprises test data compiled and plotted from all organizations that 
participated in the Prestressed Concrete Containment Vessel (PCCV) Round Robin Pretest Analysis. 
To avoid duplicating the composite information, individual sets of data andkx plots have been 
omitted hn participants’ qxxts. In some cases this action resulted in disconnects between callouts 
and amtent and in the numbering of figures, tables, and pagination in some reports. 

However, Appendix 0, “NUPEC, Nuclear Power Engineering Corporation, Japan,” contains none of 
lhtxe discoutinuities. 
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1. INTRODUCTION 

Many techniques of treating post-cracking concrete behavior have been proposed for 

concrete structure analysis and the analysis modeling itself sometimes depends on the 

experiences. Although many seismic tests and analyses on reactor containment vessels have been 

conducted, few tests and analyses, focused on static internal pressure loading beyond design 

basis condition, have been conducted. As for reactor concrete containment Sizewell B in U.K.“’ 

and l/6 scale reinforced concrete containment vessel (RCCV) test in U.S(*) were only available. 

Siiewell B was internal pressure loading test using l/l0 scale prestressed concrete containment 

vessel (PCCV) model, which was interrupted because of basemat uplift and could not reach 

ultimate structural condition. l/6 RCCV test was conducted up to liner tearing and provided 

valuable data. However, it did not include the effect of prestressing of tendon. 

Considering the above situation, NUPEC has been planning the ultimate strength test of 

I/4 uniform scale PCCV imaging severe accident. The pre-test analysis will be compared with 

measured data and the post-test analysis using this test data will improve analysis model. 

This paper deals with pre-test analysis results of axisymmetric global analysis and local 

analysis of wall-base junction, fke field analysis of middle cylinder part and several hatches 

analysis. 

2. GLOBAL ANALYSIS 

2.1 Computational Models 

2.1.1 Material properties 

The measured average data of concrete Young’s modulus, Poisson’s ratio, compressive 

strength, and tensile strength were used based on the trial mix concrete tests after field curing. As 

for rebars, the average stress-strain curves of each rebar material test were used except dumbbells. 

The average stress-strain curves obtained from the liner material tests were also used, assuming 

isotropy of the material. Two-diiensionality of liner material was considered by Mises yield 

function. The measured stress-strain curve of a tendon material test was used. 

2.1.2 Material models 

A fmite element program ABAQUS/Standard Ver. 5.8 was used to predict the global 

behavior of l/4 PCCV test. The stress-strain curve of post-cracking concrete was determined 

through the following sensitivity study, referring to the displacement data at the cylinder mid 
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point of the l/6 RCCV test results conducted at SNL.“’ That is, various tension-stiffening 

curves were adopted under full shear retention model: The tension-stiffening was assumed to be 

linearly decreased and was reduced to zero at strain values of 10,20,30,40 and 50 times of the 

concrete crack strain of 1.28x10d, considering the simplicity of global analysis. The 10 times 

model was the best agreement with l/6 RCCV data, as shown in Fig 2-l-l. However this 10 

times model induced unstable behavior above 3.0 times design pressure (Pd) condition so that 

1% &ck stress was retained even after 10 times of the crack strain. 

The reduction of the shear modulus a&r concrete cracking was determined as follows. 

The Fidel shear retention model was compared with the model in which shear stiffness under 

cracking condition was reduced linearly to zero at 10 times of crack strain, similar to the above 

tension stiffening model. Both models were calculated up to 3.4 Pd where concrete crackiig in 

hoop direction extended to the whole region. The analysis results were almost same so that the 

full shear retention model was adopted because of the better convergence of calculation. 

Non-linear behavior in multi-axial stress field was traced by crack detection surface and 

compressive surface incorporated in ABAQUS code. Except for the measured ratio of the tensile 

strength to the compressive strength, defaults values of the surface parameters in ABAQUS 

were used because of no biaxial test data. 

2.1.3 Modeling of l/4 PCCV test facility 

The axisymmetric global analysis was conducted as the first step pre-test analysis. The 

analytical model included general parts of a dome, a cylinder and a basemat, as shown in Fig. 2- 

1-2. The wail of dome part and cylinder part was divided into 6 elements to evaluate bending 

behavior. The dome part was divided into 45 elements and the cylinder part was divided into 60 

elements. The basemat had 10 vertical elements and 42 radial elements. However, the juncture 

region between basemat and cylinder had fmer elements. The model included the total numbers 

of 1963 nodes and 1279 elements. 

In order to select an element type for the concrete, three solid element types were 

compared (4-node bilinear (ABAQUS:CAX4), 8-node biquadratic reduced integration 

(ABAQUS:CAXSR) and 4-node bilinear incompatible mode (ABAQUSCAX41)). When S- 

node biquadratic reduced integration element and the 4-node bilinear incompatible mode element 

were used, very high stress occurred in the loading end at about 3.0 Pd and the calculation became 

divergent. It was supposed that the force directions of some nodes in a element was inconsistent 

with the direction of element stress in these cases. Since the materials exhibited strong non- 

linearity and the contact between tendon and concrete was important under high internal 
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pressure condition, Cnode bilinear element was adopted. 

Rebar was defined as reinforcement (ABAQUSREBAR) in solid element. Liner was 

modeled by shell ekment (ABAQUSSAXl) and the liner node was commonIy shared with 

inside node of concrete. 

2.1.4 Analytical modeling 

Hoop tendon was modeled by rebar bonded to the concrete. Meridional tendon was 

modeled by shell element and the hoop direction stiffness was made zero in the cylinder part. 

The hoop direction stiffness was considered only above 45’ dome angle, because the meridional 

tendons in the dome part are arranged as like mesh. Friction was specified between the concrete 

and the meridional tendon. The meridional tendon was allowed to slide relative to the concrete. 

Friction coefficient at dome part was 0.2 156 which consisted of p=O.2 1, average value of the 

measured friction coefficient, and fiction coeffkient considering tendon length effect (h=O.OOl 

per unit length). For cylinder part, J.L=O and h=O.OOl were used to stabiliie the analysis. 

Although an empirical friction correlation between tendon and sheath was proposed as a 

function of loading end load and circumferential angle,O) it was not used for the present global 

axisymmetric analysis. Because hoop tendons don’t have a tensile force distribution and 

meridional tendons are arranged as like mesh 

As a boundary condition, a horizontal direction was fixed along axisymmetric axis to 

realize axisymmetric condition. Non-linear soil springs were placed at the bottom of basemat to 

simulate the ground reaction force. The actual ground stiff&s was used against compression 

force and it was’zero against tension force. However, the soil springs in non-uplift part had 

stiffhess against tension force, because the vertical displacement became too large when all 

tensile stiffness of soil springs in non-uplift part were zero. The gravity was considered only at 

the bottom of basemat as a concentrated force. That is, gravitational force at each node was 

neglected because of quite smaller force compared with tendon tensile force. 

In order to simulate a setting loss condition of tendon, meridional tendon was 

prestressed with the prescriied value of 503 kN and then loosed to the prescribed value of 470 

kN. As for hoop tendon initial stress of 991 MPa, corresponding to the average value of hoop 

tendon stress, was imposed. 
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Fig. 2-l-2 Axisymmetric global analysis modeling 
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2.2 Sensitivity Studies for the Determination of Analytical Modelings 

This section descriies theanalytical techniques to obtain appropriate analysis results. 

The main techniques are treatments of dome part meridional tendon, consideration of soil spring 

and treatment of gravity. 

2.2.1’Treatment of dome part meridional tendon 

Figure 2-2-l shows the analytical results of vertical displacements of the test model for 

two modelings of meridional tendon in dome part. The one model simulated hoop stiffness in the 

meridional tendon above 45’ dome angle (model (a)), and the other model simulated hoop 

stiffness in the meridional tendon above spring lime (model (b)). The difference of two models 

was observed from 2.3 Pd. The apex displacement of model (a) increased in downward direction, 

while in model (b) it increased in upward direction. This was more clearly demonstrated in Fig 

2-2-2 showing the deformation of test vessel under 3.0 Pd condition. 

Model (b) exhibited as if spring line were fuced. Fig. 2-2-3 shows cracking condition in 

hoop direction at 2.4 Pd where the diierence of cracking condition for the two models became 

remarkable. In model (a) cracking extended to dome part, while in model (b) it occurred in the 

cylinder part only. 

As mentioned above, the vertical displacement depended on tendon modeling in the 

dome part. However, the test model failure will occur near penetrations in the middle cyliider 

part and the strain distribution of the cylinder part for both models were same. The model (a) 

was finally selected in the present analysis because of the better conver~ce under hi&er 

internal pressure. 

2.22 Consideration of soil spring 

Ground stiffness affects the global deformation behavior via ground reaction force under 

high internal pressure condition. Therefore, the reaction force of the ground was taken into 

account by placing soil springs at each node of basemat. The uniform soil spring stiffness values 

of 1x10’* N/mm, 1~10~ N/mm, 1~10~ N/mm and 1x10’ N/mm were used for sensitivity analysis. 

As a result, it was found that soil spring stif&ess affected not only deformation behavior but 

also the convergence under high internal pressure condition. The difference of analysis results 

under high pressure condition was governed by the uplift condition of the basemat The stiffness 

values of 1~10~ N/mm provided the best convergence which was consistent with the ground 
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stiffness of actual test site of 30 MPat4). Therefore, the value of soil spring stiffness was finally 

distributed in proportion to the node area on the bottom of basemat which provided 30 MPa 

ground stiffness at each node. 

2.2.3 Treatment of gravity 

Gravitational force should be considered correctly to evaluate uplift behavior of the 

model, since actual soil spring of 30 MPa was adopted. Two models were compared. In one case, 

gravity was considered as concentrated mass at each Gaussian point as usual and in the other 

case, gravity was considered only at the bottom of the basemat as concentrated force. 

Both analysis results were almost same, because vertical force by gravity was negligiile 

compared with tendon tension force. For example, force balance of two elements at the apex of 

dome was evaluated as follows. Vertical component of the tensile force of meridional tendon was 

25 kN. On the other hand, the vertical force by gravity was 0.49 WI, which was only 2 % 

compared with meridional tendon vertical force. Therefore, the gravity was considered only at 

the bottom of basemat as concentrated force. 

In the ABAQUS model gravity is usually considered as concentrated mass at each 

Gaussian point and the displacement is calculated by solving equation of motion. Hence, 

calculation time was longer and the convergence of calculation became worse under large 

displacement condition. 
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Fig. 2-2-2 Eff t f ec o meridional tendon modeling on overall deformation behavior under 3 .O Pd 
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2.3 Global Analysis 

2.3.1 Structural behavior of l/4 PCCV model 

(1) Global deformation behavior 

Figure 2-3-l shows global deformation behavior for various internal pressures. A slight 

inward deformation was observed under setting condition due to the influence of prestressing 

The cylinder part shape under 1.5 Pd became almost same as that before prestressing. The dome 

part deformed inward slightly under this pressure. The mid cylinder part begun to deform in 

outward direction at 2.2 Pd, while the dome part was compressive condition. Outward 

deformation of the mid cylinder part became remarkable at 3.6 Pd so that the dome part 

deformed downwards. 

(2) Local displacement behavior 

Figure 2-3-2 shows radial displacements versus pressure at various locations. The 

largest displacement was analyzed at siightly upper region (No. 4) from the mid plane of 

cylinder part. This was because the constraint force at basemat was larger than that at dome part. 

The region near the basemat (No. 5) and the dome (No. 2) part had small displacement. The 

displacements in the cylinder part (No. 3), (No. 4) increased linearly until about 2.1 Pd, in which 

concrete cracking occurred in hoop direction as described below. They increased drasticalIy at 

about 3.5 Pd due to the concrete cracking in meridional direction. 

Figure 2-3-3 shows vertical displacements versus pressure at various locations. The 

apex(No. 1) had maximum downward deformation at setting condition due to the existence of 

mesh-like meridional tendon. Downward displacement of the apex decreased linearly up to about 

2.4 Pd and it increased tirn about 2.4 Pd. However, it deceased from 3.6 Pd again, since vertical 

concrete crack& crack extended to the whole cylinder part. The displacement at 45” point from 

spring line (No. 2) had also downward deformation. It was smaller than the displacement at the 

apex The displacement at mid part of cylinder part (No. 4) and spring line (No. 3) gradually 

increased until about 3.2 Pd and increased drastically from 3.5 Pd. The displacement near 

basemat (No. 5) deformation remained small. 

(3) Concrete cracking behavior 

Figure 2-3-4 shows concrete cracking behavior in both hoop and meridional directions. 

Hoop cracking initially occurred at 2.1 Pd (Fig 2-3-4(a)-2). The hoop cracking caused the non- 
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linear radial displacement as shown in Fig 2-2-5. The hoop cracking extended above spring line 

at 2.4 Pd (Fig. 2-3-4(b)-2). Since the dome part constraint force was large, linear vertical 

deformation of cylinder part was maintained up to about 2.4 Pd as shown in Fig 2-3-3. The 

cylinder part deformed outward slightly as shown in Fig 2-3-l(c). Although outer surface 

cracking in the meridional direction extended to cylinder part at 3.4 Pd, there was no inner 

surface cracking as shown in Fig. 2-3-4(c)- 1. Both hoop and meridional cracking almost extended 

to the whole region at 3.6 Pd (Fig 2-3-4(d)), under which radial displacement increased 

drastically as shown in Fig 2-3-2. Concrete stiffhess became almost zero in both hoop and 

meridional directions at 3.6 Pd. Hence, vertical displacement in dome part changed from 

downward direction to upward direction as shown in Fig 2-3-3. Bending behavior was observed 

in the meridional direction so that meridional cracking mainly occurred outside of concrete wall 

as shown in Fig. 2-3-4(d)- 1. 

(4) Strain distribution 

Figure 2-3-5 shows hoop liner strains versus pressure at various locations. Hoop liner 

strain remained negative untiI about 1.5 Pd due to the tensile force of tendon. Hoop rebar 

stresses exhibited same behavior as shown in Fig. 2-3-6. The liner strain of mid part (No. 4) of 

cylinder increased non-linearly from about 2.1 Pd and it increased drastically at about 3.5 Pd. 

These were closeiy related to the concrete cracking condition in the hoop direction at 2.1 Pd as 

shown in Fig. 2-3-4(a)-2 and concrete cracking in meridional direction at 3.6 Pd as shown in Fig. 

2-3-4(d>l. Although similar strain behavior occurred at spring line (No. 3) and dome part (No. 

2), the strain level was lower than that in mid part of cylinder. The strain near basemat (No. 5) 

was almost zero because of the strong constraint force of the basemat. The hoop stiffhess of 

concrete became almost zero at 3.4 Pd and the rebar in cylinder part was almost yielded at this 

pressure, as shown in Fig 2-3-6 (yield stress : 459 MPa). That is, the change in liner strain was 

explained by the changes in concrete and rebar stiffness. 

Figure 2-3-7 shows the meridional liner strain versus pressure at various locations. The 

meridional strain near basemat (No. 5) was increased non-linearly from about 2.0 Pd due to the 

initiation of ballooning of cylinder part as shown in Fig 2-3-l(c). On the other hand, the strains 

of other locations were very smaI1 up to 3.4 Pd due to the lack of inner surface concrete cracking 

in meridional direction as shown in Fig 2-3-4(c)-1. The strain of spring line (No. 3) increased 

drastically from 3.4 Pd, because the spring lime deformed outwards remarkably as shown in Fig 

2-3-2 and the dome part was tensiled in both hoop and meridional directions. As a result, the 

strain was concentrated at spring line where structure was discontinuous. 
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Figure 2-3-S shows the hoop strains of tendon. It exhibited similar behavior as liner 

strain if the initial prestressing strain condition was considered. 

2.3.2 Summary of global analysis 

Figure 2-3-9 shows the distribution relationship of hoop stresS of outside concrete, 

hoop stress of outside rebar and hoop stress of tendon, in contrast with the cracked region in 

hoop direction and the overall deformation for several values of Pd. 

The stress of tendon and outside rebar were almost uniform under 2.0 Pd condition as 

shown in Fig 2-3-9(a). Because internal pressure was imposed equally on the inner surface of 

containment and hoop rebar and hoop tendon were not constrained by the vertical force under 

low pressure condition. The stress of concrete was nearly uniform in the cylinder part except 

near basemat and spring line, since the constraint forces of dome part and basemat governed the 

local displacement. The concrete stress decreased along the top of the dome and increased 

shghtly in the apex region. Sii hoop stress was proportional to the radius, the membrane stress 

should reduce to zero at the apex However, outside stress increased slightly at the apex region 

because of the occurrence of bending behavior in the apex region. 

Concrete crack initiated at 2.4 Pd, thereby the stress of concrete in the cylinder part 

decreased as shown in Fig 2-3-9(b). As a result, the stress of rebar and tendon increased 

remarkably. This clearly demonstrated the role of prestressed concrete, in that the decreasing 

stress of concrete was supplemented by rebars and tendons. 

The stress of conate became almost zero and the stress of rebar became nearly 

uniform because of the yielding at 3.7 Pd as shown in Fig 2-3-9(c). The stress of tendon also 

became nearly uniform in the cyliider part because of the yielding Hence the displacement 

increased in the radial direction remarkably. 

In summery, concrete cracking governed the gIobal behavior of PCCV. That is, the 

reduction of concrete stress due to cracking caused the changes in stress distribution of rebars 

and tendons and resultant global deformation behavior. 
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3. LOCAL ANALYSIS 

3.1 Evaluation of Failure Parts and Failure Criteria 

3.1.1 Selection of failure parts 

The failure parts of l/4 PCCV test model had been investigated during its desisp stage. 

According to the investigation, potential &lure parts had been crane brackets, hatches, wall-base 

junction, buttress, spring line and tendon @lery . 116 RCCV test demonstrated that liner tearing 

concentrated on the mid cylinder part (*I NUPEC SCV shell model was failed by liner tearing at . 

the junction of thick plate around a hatch (‘) Based on these two tests, the l/4 PCCV test mode1 . 

might fail by liner tearing around hatches in the mid cylinder part. 

The global analysis results, described in chapter 2, predicted that liner strain in the mid 

part was larger than that in other parts similar to the above studies, and outer concrete 

compressive stress at the junction between wall and basemat was also quite high, as shown in Fig. 

3-l-l. Considering the all above results, several hatches in the mid part and the junction between 

wall and basemat were considered as potential failure parts, and their analyses were conducted 

3.1.2 Failure criteria 

Determination of faihu-e criteria was indispensable to predict failure part. Failure 

criteria of concrete was set to be 42 MPa for Fc=300 concrete and 49 MPa for Fc=450 concrete 

based on the measured average data of concrete trial mix tests after 13 weeks field curing It is 

well known that the concrete compressive strength normal to the initial concrete cracking 

direction is reduced@). The reduction factor was calculated by compressive field theory using the 

global analysis results. The average value was about 30 %. However, concrete body is not totally 

failed by a local failure so that the failure judgement should be decided considering the extent of 

fi3il~regiOn. 

Although rebar tensile test showed larger value of failure strain depending on diameter 

and material, JIS nominal value was adopted because of the large data scattering That is, 18 % 

for SD345,16 % for SD390 and 12 % for SD490. 

While MIT1 No. 452 specifies nominal value of 2.0 % strain for tendon failure criteria, 

the measured average data of failure strain was 3.8 % in the tendon system tests. Hence, a Mure 

ciiterion of tendon was chosen as 3.0 %, considering site setting condition of tendon. 

The average measured data of liner tearing strain was 33.5 % in the hoop direction and it 

was 33.0 % in the meridional direction in the liner tensile test. NUPEC l/10 SCV modei test 

showed the failure strain of 5.3 % and 8.8 % around E&I(‘). SNL l/6 RCCV test showed 8.3 % 
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failure of strain around E/T-l(*). On the other hand, the tearing strain of one axial tensile tests was 

26 % for SCV material, different from l/4 PCCV material, and it was about 20 % for the 116 

RCCV material, similar to l/4 PCCV material. NUPEC cylinder failure test model for the SCV 

material showed 8 - 12 % tearing strain (‘I That is, biaxial failure strain of test model is smaller . 

than measured failure strain at one axis tensile test. In addition, these exist inevitable strain 

difference between sensor location and local failure location. Similar situation occurs in the 

analysis due to element size limitation. Hence, failure criteria of liner was determined as 8 % 

based on tearing strain of l/6 RCCV which was similar to the l/4 PCCV material and structure. 

Sii liner does not constitute structural boundary and concrete has role of leak boundary even 

after liner tearing, so that the judgment of failure should be decided considering liner failure extent 

and its relation to other parts. Table 3-l-l shows summary of failure criteria. 

3.2 Walbbase Junction Analysis 

3.2.1 Material properties and models 

Same material properties were used as those in global analysis. The stress-strain curve 

of post-concrete cracking was also same. Same material models were adopted as those in global 

analysis except for shear retention model. The shear stifhress under concrete cracking condition 

was reduced linearly to zero at 10 times of concrete crack strain because shear tilure was 

predicted in this region. 

3.2.2 Analytical modeling 

O-27 
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The analysis re@on included bascmat with tendon gallery and containment wall, as 

shown in Fig 3-2-l. The analysis region for basemat was symmetrical around tendon @lery. 

The modeled region of basemat was from 3825 mm inner radius to its outer surface in the radial 

direction and from basemat upper surface to eL -3000 mm in the vertical direction. Analysis 

region for containment wall was modeled f?om basemat upper surface to el. 1200 mm. 

Concrete was modeled by axisymmetric soIid element (ABAQUS:CAX4). Rebar, 

tendon and vertical liner anchor were defmed as reinforcement (ABAQUSREBAR) in solid 

element. Concrete was simulated by duplicate element of concrete and elastic body having 

l/1000 stiffness compared with concrete stiffness, as shown in Fig 3-2-2. REBAR was defined 

in the elastic body. The concrete element of the duplicate element was deleted in order to 

continue the analysis under high pressure condition after substantial zero strain occurred due to 

concrete cracking Pressure level and location of the deleted concrete elements, after reaching 



quite small meridional stress are shown in Fig 3-2-3 for example. Sheath was not modeled so 

that tendon was not allowed to slip. Liner and liner anchor were modeled by shell element 

(ABAQUS:SAXl). The model included the total numbers of 2 194 elements and 1159 nodes. 

As boundary conditions, the vertical displacement and radial displacement of the global 

analysis were imposed on boundary surfaces, as shown in Fig 3-2-4. As for meridional tendon, 

initial stress of 470 kN, corresponding to the prescribed value of setting condition, was imposed 

As for hoop tendon, initial stress of 991 MPa, corresponding to average design value of hoop 

tendon stress, was imposed. After that internal pressure was imposed 

3.23 Analysis results 

Figure 3-2-5 shows the overall deformation behaviors for various internal pressures. A 

slight inward deformation was observed at setting condition due to the influence of prestressing. 

The deformed shape under 1.5 Pd became almost same as that before pm-stressing It deformed 

outwards above 1.5 Pd. The deformation trend was similar to that of global analysis. 

Figure 3-2-6 shows concrete cracking behaviors for both vertical and hoop directions. 

Vertical cracking initially occurred at the left side comer of tendon gallery and inner cornner of 

the junction at 1.5 Pd. The former was governed by the shear force in the upper region of tendon 

gallery which was ten&d upwards. The latter was governed by the shear force in the cylinder 

part deformed by internal pressure, because cylinder part was deformed more easily than 

basemat. Hoop cracking initially occurred at 2.2 Pd at upper boundary surface region, similar to 

global analysis as shown in Fig2-2-7. The cracking region was extended according as pressure 

increasing. Vertical cracking was extended to tendon gallery and hoop cracking to whole cylinder 

region at 3.2 Pd. 

Figure 3-2-7 shows vertical liner strains versus pressure at two locatiork compared 

with global analysis results. The vertical liner strain at el. 250 mm, lower than horizontal liner 

anchor, was lower than the global analysis result. Because the liner anchor suppressed the strain. 

On the other hand, the liner strain at el. 1000 mm, close to the boundary condition level, was 

similar to that of global analysis due to small influence of liner anchor. The strains at all locations 

of this analysis were less than 0.25 %. Hence, probability of liner tearing up to about 3.8 Pd will 

be small. 

Figure 3-2-8 shows principal compressive stress under 3.0 Pd. This shows maximum 

compressive stress of 42 MPa at outside of the junction. If the reduction of failure criteria 

normal to initial concrete cracking direction is assumed to be 30 %, the failure criteria becomes 34 

MPa However, only 2 elements exceeded the 34 MPa and it did not extend beyond rebar layer. 
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Figure 3-2-9 shows principal compressive stress under 3.74 Pd. This shows maximum 

compressive stress of 67 MPa at outside of the junction. However, only 4 elements exceeded the 

34 MPa and it did not extend beyond rebar layer. Hence, the probability of concrete shear failure 

at this location up to about 3.8 Pd will be small. 
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Material 

Concrete Fc=300 

Fc=450 

Rebar SD345 

SD390 

SD490 

Tendon I I 

Table 3-l-l Fai .ure criteria 

Failure criteria 

Compressive stress 42 MPa* 

Compressive stress 49 MPa* 

Strain18% 

Strain16% 

Strain 12 % 

strain3% 

Base 

Compressive strength of trial mix concrete 

test data after 13 weeks curing 

Nominal value of JIS 

Strain8% 

*30 % reduction of these concrete failure criteria in the direction normal to initial concrete 

cracking direction 

b 1 

oisp ay. 
J- Hin um 

rariable SPl 
- -61.67 at node 
- 0.6278 at node 

11209 
14206 

7-r 
Fig. 3-l-l Principal compressive stress at 3.8 Pd (global analysis) 
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Fig. 3-2-l Analysis region of wall-base junction 

REBAR 

+ ELAST’IC BODY 

CONCRETE & 

ELASTICBODY 

REBAR 

Fig. 3-2-2 Duplicate concrete modeling 
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Fig. 3-2-3 Location and prkure level of deleted concrete elements 

Fig. 3-2-4 Boundary conditions of wall-base junction analysis 

o-32 

26 



(a) Setting condition (b) 1.5 Pd (c) 3.7 Pd 

Fig. 3-2-5 Deformation behaviors of wall-base junction 

(a) 1.5 Pd (vertical direction) (b} 2.2 Pd (Hoop diction) 

(c) 3.2 Pd (Vertical direction) (d) 3.2 Pd (Hoop direction) 

Fig. 3-2-6 Concrete cracking behaviors of wall-base junction 
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3.3 Free Field Analysis in Vertical Direction 

3.3.1 Analysis conditions 

In order to investigate hoop tendon tensile force distribution, free field aualysis was 

conducted, including buttress. Same material properties and same material models were used as 

those in global analysis. The region of the analysis was ran@ from eL 7093.75 mm to eL 

5968.75 mm in vertical direction and 180 sector in hoop direction with buttress at both ends, as 

shown in Fig. 3-3-l. 

Concrete was modeled by solid element (ABAQUSCSD8). Rebar and vertical tendon 

were defined by reinforcement (ABAQUSREBAR) in solid element. Concrete was simulated by 

duplicate element of concrete and elastic body with rebars, same as that in the wall-base junction 

analysis. As for vertical tendon, sheath was not modeled so that slip of vertical tendon was not 

allowed. Hoop tendon and its sheath were modeled by 2-node beam element (ABAQUSB3 1). 

Contact element (ABAQUW’IT3 1) was placed between tendon and sheath so that slip of hoop 

tendon was considered. Friction coefficient between tendon and sheath was modeled by the 

correlation depending on loading end load and the angle from loading end(3)*‘n. That is, friction 

coefficient was not constant value. The straight part of the tendon inside buttress was not 

simulated because of simplicity. However, the friction coefficient of the circular part 

corresponding to the straight part was set at 0.001 l/m, The steel sheath had ordinary stiffness. 

The thickness of the sheath was made I mm thicker than that of model to enable contact analysis. 

The yielding of sheath was set at 300 MPa smaller than rebar yielding of 459 MPa Liner was 

modeled by 4-node shell element (ABAQUS: S4R). Liner anchor was not modeled because of 

small infhrence. The model included the total numbers of 15810 elements and 10780 nodes. 

As boundary conditions, the vertical displacement of the global analysis was applied to 

both upper and lower surfaces, and 0 displacement in the hoop direction to both side surfaces, as 

shown in Fig. 3-3-2. 

As for meridional tendon, initial stress of 470 kN, corresponding to the prescribed value 

of setting condition, was imposed. Hoop tendon was prestressed with the prescriibed value of 

453 kN and then loosed to the measured value of 394 kN in ancillary tests. All concrete elements 

were deleted at 3.0 Pd to void unreasonable termina tion of the analysis, after confiig quite 

small hoop stress of concrete in preliminary analysis. 
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33.2 Analytical results 

Figure 3-3-3 shows liner radial displacements compared with that of the global analysis. 

The displacement of f?ee field was similar to that of global analysis, which confirmed the validity 

of analytical modeling. 

Figure 3-3-4 shows deformation behaviors under several pressure conditions. A slight 

inward deformation was observed except buttress region at setting condition. The shape of the 

cylinder part was changed from ellipse at setting condition to circle at 2.0 Pd. The radial 

displacement in buttress region was smaller than that in other parts due to buttress stiflixzss 

below 3.0 Pd. The di&rence between free field and buttress region was quite small above 3.0 Pd 

since the buttress was totally cracked at this pressure level. The shape became circle again above 

3.0 Pd due to total cracking of buttress. 

Figure 3-3-5 shows tendon tensile force diibution. The distribution had its maximum 

value at about 50 degree up to 3.0 Pd due to friction loss at prestressing condition. Even before 

concrete cracking at 2.1 Pd, tensile force of loadiig end region was rather flat because the present 

friction coeff&nt correlation provided smaller friction coefficient iu this region, as shown in Fig. 

3-3-6. That is, tendon in the loading end region behaved like straight part. Fig 3-3-7 shows 

contact force distniution compared with constant friction case. Contact force in the vicinity of 

loading end was fluctuating in constant friction case. The analysis became unstable due to sudden 

change in diction coefficient at the boundary between strai&t part and circular part. On the 

other hand, in friction correlation case, the fiction coeffcicient increased gradually with 

circumferential angle so that the contact force was not fluctuating in the vicinity of l&g end 

In constant friction case larger convergence criteria was used than that of friction correlation case. 

Figure 3-3-8 shows the tendon tensile force distribution up to 4.0 Pd comparing fiction 

correlation case and constant friction case. This shows larger tensile force change in loading end 

region at prestressing condition in constant friction case. Tensile force in friction correlation case 

was larsr than that in constant case up to 3.0 Pd and the difference became negligiile under 4.0 

Pd due to larger elongation of rebars associated with its yielding at 3.2 Pd. The tendon tensile 

distribution shape changed as internal pressure increased The change of tensile force distribution 

was governed by the change of friction force, as shown in Fig. 3-3-9. Friction force decreased due 

to concrete cracking and yielding of liner and rebar, in turn. Figure 3-3-10 shows strain 

distribution of H53 tendon. The strain of H53 tendon at loading end reached as high as 3 %, 

corresponding to tendon failure criteria, at 4.0 Pd. Hence, the probability of tendon rupture will 

be high 
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Fig. 3-3-l halysis region of middle cylinder part 

Fig. 3-3-2 Boundary conditions of middle cylinder part 
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3.4 Hatch Analysis 

3.4.1 Equipment hatch 

(1) Analysis conditions 

Same material properties and same material models were used as those in global analysis. 

The analysis region was ranged from the horizontal central axis plane of equipment hatch (E/H) 

to the plane at 4500 mm above it in vertical direction and 90 degree sector from buttress center, 

as shown in Fig. 341-1 

Concrete was modeled in the same manner as that in free field analysis. One hoop 

tendon of the analytical model included 2 tendons which had same loading end, ahemately 

arranged and 2 times area of actual areaas shown in Fig 3-4-1-2. Friction coeficient between 

tendon and sheath was modeled, in the same manner as that in &ee field analysis. Liner, sleeve 

and hatch cover were modeled by shell element (ABAQUSS4). Liner anchor was not modeled 

because of small effect. The model included total numbers of 16567 elements and 9172 nodes. 

As boundary conditions, the vertical displacement of the global analysis was applied to 

both upper and lower surfaces. Zero displacement in the hoop direction was applied to both side 

surfaces, as shown in Fig 341-3. Since two vertical adjacent tendons in the model should be 

considered as one set, the tensile forces of two adjacent tendons at the symmetrical plane had 

same value at anti-buttress boundary surface. 

As for meridional tendon, initial stress of 470 kN, corresponding to the prescribed value 

of setting condition, was imposed. Hoop tendon was prestressed with the prescrii value of 

453x2 kN and then loosed to the measured value of 350x2 kN in ancillary test. All concrete 

elements were deleted at 2.8 Pd, after confirmmg quite small stress in preliminary analysis. 

(2) Analytical results 

Figure 341-4 shows radial displacements versus pressure at two locations compared 

with global analysis results. The displacement of f&e field was similar to that of global analysis, 

which confirmed the validity of modeling of this local analysis. The displacement of center of 

hatch cover increased drastically after concrete hoop stress reached basically zero. 

Figure 341-5 shows concrete cracking behavior on both inner and outer surfaces in 

hoop direction under two pressures. Hoop cracking occurred near buttress and around E&L The 

cracking near buttress was caused by reduction of tendon tensile force. The cracking around E/H 

was caused by change in stiffness due to discontinuous change of concrete thickness. The 

cracking extended as internal pressure increased. Hoop direction cracking extended to the whole 

37 

o-43 



region at 2.8 Pd. 

Figure 3-4-l-6 shows liner yieldingregion under several pressures. Initial liner yielding 

occurred at buttress and discontinuous position of concrete thickness at 2.6 Pd. The yielding 

region extended to free field of anti-buttress region at 2.8 Pd. It extended to the whole region 

except thick concrete place at 3.0 Pd. It extended to the whole region except hatch cover at 4.0 

Pd. 

Figure 3-4-l-7 shows principal tensile strain of liner under several pressures. Principal 

strain concentrated on upper region of hatch cover at 1.0 Pd. The principal tensile strain 

concentrated also on buttress and discontinuous position of concrete thickness at 2.2 Pd because 

of concrete cracking The principal strain of discontinuous position became larger than that of 

buttress at 3.8 Pd. The maximum strain reached 3.5 % at 4.0 Pd, which was much less than 8 % 

of liner failure strain, That is, liner tearing was not predicted up to 4.0 Pd around E&I. On the 

other hand tendon strain reached 3.2 % in the vicinity of loading end at 4.0 Pd, which was larger 

than 3 % of tendon failure strain. That is, tendon rupture was predicted at 4.0 Pd near equipment 

hatch. This was different f&m the failure modes of RCCV”) and SCV(‘) tests, because local 

strain concentration around E/H was unlikely to occur due to existence of prestressing of tendon 

in l/4 PCCV modeL 
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Fig. 3-4-l-6 Liner yielding region under several pressures 
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Fig. 3-4-l-7 Principal tensile strain under several pressures 
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Fig. 3-4-1-7 Principal tensile strain under several pressures (continued) 
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3.4.2 Air lock 

(1) Analysis conditions 

Same material properties and same material models were used as those in global analysis. 

The analysis region was ranged from the horizontal central axis plane of air lock (AA,) to the 

plane at 4425 mm above it in vertical direction and 90 degree sector from buttress center, as 

shown in Fig 342-l. Analysis modelings were same as those in E/H analysis. The model 

included total numbers of 16425 elements and 11088 nodes. Boundary conditions were also 

same as those in E/H analysis. The analytical model is shown in Fig. 342-2. 

(2) Analysis results 

Figure 342-3 shows principal strain of liner at 2.2 Pd compared with that of E/H 

analysis. Local analysis of NL was not successful above 2.2 Pd probably due to the existence of 

larger curvature of tendon around A/L compared with the curvature around E/H. The strain was 

concentrated at around buttress, and n&t around A/L. This was due to earlier concrete cracking 

near buttress region The maximum principal strain of 0.10 % was similar to that of EiH analysis 

(0. 1 1 %), so that Liner tearing around A/L will not occur before liner tearing around E/H, 

3.43 Main steam nozzles 

(1) Analysis conditions 

Same material properties and same material models were used as those in global analysis. 

The analysis region was ran@ from the horizontal central axis plane of main steam nozzles 

(M/S) to the plane at 3975 mm above it in vertical direction and 90 degree sector from buttress 

center, as shown in Fig 343-l. Analysis modelings were same as those in E/H analysis. The 

model included t&i numbers of 13081 elements and 9208 nodes. Boundary conditions were also 

same as those in E/H analysis. The analytical model is shown in Fig. 3-4-3-2. 

(2) Analysis results 

Figure 343-3 shows principal strain of liner at 2.2 Pd compared with that of E/H 

analysis. Local analysis of M./S was not successful above 2.2 Pd probably due to the existence of 

larger curvature of tendon around M/S compared with the curvature around E/H. The strain 

was concentrated at around buttress, and not around M/S. This was due to earlier concrete 
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cracking near buttress region. The xmximum principal strain of 0.078 % was smaller than that of 

E/H analysis (0.11 %), so that liner tearing around M/S will occur after liner tearing around 

E/H. 
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EL.8950 mm 
T-- 

4425mm 

EL.4525 mm J 
(A/L center) 

Fig 342-1 Analysis region of air Fig. 3-4-2-2 Analytical modeling of air lock 

Fig. 3-4-2-3 Principal tensile strain under 2.2 Pd compared with E/H analysis 

o-5 1 



Fig. 343-1 Analysis region of main 

steam nozzles 
:-uIll1 *a .u. 
,-‘T -m’-- +.;i.*s -. a:.-.* 4 .‘,C.T .z.,iG-. *.:a-.. -%,lC ..,ZC . -. .I*- *..t,-. 4 ,4*--l .-.T 

Fig 3-4-3-2 Anaiytical modeling of main steam 

nozzles 
nxY:nr s*lur . 7 .rl:5:s-o4 at ?ms 23: ((L?iQal ‘7rdU;r - -..LfXE-C5 AZ case 5;:c 

Fig. 3-4-3-3 Principal tensile strain under 4.0 Pd 2.2 Pd compared with E/I-I analysis 
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4. CONCLUSION 

As the first step of pre-test analysis, axisymmetric global analysis was conducted. The 

stress of concrete was nearly uniform in the cylinder part except near basemat and spring line up 

to about 2.0 Pd so that the stress of tendon and outside rebar were almost uniform in this 

region. 

Concrete crack initiated at about 2.0 Pd, thereby the stress of concrete in the cylinder 

part decreased. As a result, the stress of rebar and tendon increased remarkably. This clearly 

demonstrated the role of prestressed concrete, in that the decreasing stress of concrete was 

supplemented by rebars and tendons. 

The stress of concrete became almost zero and the stress of rebar became nearly 

uniform because of the yielding at 3.7 Pd. The stress of tendon also became nearly uniform in the 

cylinder part because of its yielding Hence, the displacement increased in the radial direction 

remarkably. 

In short, concrete cracking governed the global behavior of l/4 PCCV model. That is, the 

reduction of concrete stress due to cracking caused the change in stress distributions of rebars 

and tendons and resultant global deformation behavior. 

Free field analysis was conducted to investise hoop tendon tensile force distribution, 

using the friction coefficient correlation depending on loading end load and the angle from loading 

end. The friction correlation provided better convergence compared with constant friction due to 

the continuous change in friction coefficient at the boundary between straight part and circular 

part in the vicinity of buttress region. The tendon tensile force distribution shape was changed as 

internal pressure increased. The chang of tensile force distribution was governed by the change 

of friction force. Friction force decreased due to concrete cracking and yielding of rebar and liner, 

in turn The strain of H53 tendon at loading end as high as 3% at 4.0 Pd. Hence, the probability 

of tendon rupture will be high 

Local analyses were conducted at 4 parts of wall-base junction, equipment hatch, air 

lock and main stream nozzles where the failure was initially predicted. 

The wall-base junction analysis was conducted by axisymetric analysis. The vertical 

liner strain at wall-base junction was suppressed by horizontal liner anchor and they were less 

than 0.25 %. Hence, probability of liner tearing up to about 3.8 Pd will be small. The region, 

exceeding failure criteria strain, was quite small at about 3.8 Pd. Hence, the probability of 

concrete shear failure at this location up to about 3.8 Pd will be also small. 
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The equipment hatch analysis was conducted by 3-D model. The principal tensile 

strain concentrated on buttress and discontinuous position of concrete thickness. The maximum 

strain reached 3.5 % at 4.0 Pd, which was much less than 8 % of liner failure strain. That is, liner 

tearing was not predicted up to 4.OPd around E&l. On the other hand, tendon strain reached 

3.2 % in the. vicinity of loading end at 4.0 Pd, which was larger than 3 % of tendon failure strain. 

That’is, tendon rupture was predicted at 4.0 Pd near equipment hatch This was different from 

the faihtre modes of RCCV(‘) and SCV”) tests, because local strain concentration around E/H 

was unlikely to occur due to existence of prestressing of tendon in l/4 PCCV model. 

The air lock and main steam nozzles analyses were conducted up to 2.2 Pd by 3-D 

modeL Local analysis of air lock and main steam nozzles was not successful above 2.2 Pd 

probably due to the existence of large curvature of tendons. The strain level around air lock was 

similar to that of equipment hatch analysis. Besides, the strain level of main steam nozzles was 

smaller than that of equipment hatch analysis. Hence, liner tearing around air lock and main 

steam nozzles will not occur before liner tearing around equipment hatch 

In summary, the l/4 PCCV model might fail by hoop tendon rupture in the mid cylinder 

part between 3.8 Pd and 4.0 Pd. However, probability of liner tearing at the discontinuous 

position of concrete thickness still exists, if tendon rupture is not occurred. Event milestones are 

summarized as follows. 

l First cracking of concrete in cylinder primarily in the hoop direction 

9 First cmcking of concrete in cylinder primarily in the meridional direction 

2.1 Pd 

(0.82 MPa) 

1.5 Pd 

(0.59 MPa) 

. First yield of hoop rebar in cylinder 3.2 Pd 

(1.25 MPa) 

l First yield of meridional rebar in wall-base juncture elastic up to 3.74 Pd 

(1.47 MPa) 

l First cracking of dome concrete above 45 dome angle 2.6 Pd 

(1.02 MPa) 

l First cracking of dome concrete below 45 dome angle 2.2 Pd 

(0.86 MPa) 

l First hoop tendon in cylinder reaching 1% strain 3.4 Pd 

(1.33 MPa) 
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l First hoop tendon in cylinder reaching 2% strain 3.8 Pd 

(1.49 MPa) 

l First hoop tendon in cylinder reaching 3% strain 4.0 Pd 

(1.57 MPa) 

l A qualitative assessment of the lower and upper limits of the PCCV model failure pressure 

range 
- minimum pressure reachable with 90 % confidence level 3.8 Pd 

(1.49 MPa) 

- maximum pressure reachable with 90 % confidence level 4.0 Pd 

(1.57 MPa) 
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Appendix 4 Composite Plots, comprises test data cumpiled and plotted ihxn all organizations that 
participated in the Prestressed Concrete Containment Vessel @XV) Round Robin Pretest Analysis. 
To avoid duplicating the composite information, individual sets of data audh plots have been 
omitted fkom participants’ reports. In some cases this action resulted in disconnects between callouts 
and content and in the numbering of figures, tables, and pagination in some reports. 

In Appendix P, “PRINCIP~ Spa&” discontinuity arises from omitting the following material: 

Figure 2-3 
Appendix II, “plots at standard output locations” 
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1.1 Preamble 

1. INTRODUCTION 

Sandia National Laboratories (SNL) is constructing and instrumenting a 1:4 scale 

Prestressed Concrete Containment Vessel (PCCV) as part of a containment research 

program co-sponsored by Nuclear Power Engineering Corporation (NUPEC) of Japan 

and the US Nuclear Regulatory Commission (NRC). The containment will be subject to 

static internal pressurisation until failure during 2000. 

One of the key program objectives is to develop validated methods to predict the 

structural performance of containment vessels when subjected to beyond design basis 

loadings. With this aim, SNL is co-ordinating Round Robin analyses to predict the 

structural response up to failure before the test is performed. Thus participants were 

required to submit the pre-test predictions at selected standard output locations in order 

to be compiled for preparing a pre-test analysis report. 

Principia is one of the fifteen organisations participating in the present pre-test Round 

Robin analyses and who have submitted the pre-test analysis results. 

1.2 Obiect 

The object of this report is to describe the methodology followed and the modelling 

approach employed for obtaining the results at the different requested output locations, 

results which were already submitted to SNL. It also attempts to provide a qualitative 

assessment of the lower and upper limits of the pressure range within which failure of 

the PCCV model may be expected. 

1.3 ScoRe 

In order to fulfil the above objectives, the following tasks have been conducted: 

a) Gathering all the relevant information for conducting the analyses: geometrical 

definition, mechanical properties, etc. 

b) Generating of a global 2D axisymmetric model, including the reinforcing bars 

and presstresing tendons. 

I 



c) Modelling the constitutive response of the different materials from the test data 

provided. 

d) Conducting the analyses and obtaining the results at the different output 

locations. 

e) Monitoring and description of the pressure levels at which cracks initiate in the 

concrete, as well as those causing yielding of the liner, rebars.and tendons. 

f) providing a qualitative assessment of the most likely pressure range within 

which failure can be expected to occur. 

1.4 Lavout of the report 

The rest of the present report comprises four additional chapters. 

Chapter 2 presents a brief description of the geometrical definition of the containment 

under consideration. 

The geometrical modelling assumptions, as well as the constitutive behaviour adopted 

for the different materials, are provided in Chapter 3. 

The results of the analysis are presented and discussed in Chapter 4. Finally, Chapter 5 

gathers the tentative conclusions arising from the work conducted to date. 

Two appendixes complete the report. Appendix I provides the list of the references 

mentioned in the text. The second appendix gathers the plots representing the evolution 

of the variables at the different output locations as a function of the gradually increasing 

pressure. 
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2. GEOMETRICAL DEFINITION 

The PCCV model is a uniform 1:4-scale model of an existing pressurized water reactor 

(PWR) prestressed concrete containment vessel in Japan. The model includes a steel 

liner and a scaled representation of the equipment hatch, the personnel airlock and the 

main steam and feedwater line penetrations. The design pressure of this prototype 

containment vessel is 0.39 MPa. 

The overall geometry of the model, as shown in Figure 2-1, was provided in the design 

package information (SNL, 1997). Figure 2-2 shows the standard global coordinate 

system used to described the model and Figure 2-3 shows in solid dots the standard 

output locations where participants were requested to provide the pretest analysis 

predictions. 
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Figure 2-1 Outline sketch of PCCV model. 
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Figure 2-2 PCCV model coordinates and measurements locations 
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3. DESCRIPTION OF THE MODEL 

3.1 Geometrical model 

A global 2D axisymmetric model has been generated with the general purpose finite 

element code ABAQUS/Standard (HKS, 1998). The concrete cilindrical wall, the 

concrete dome and the basemat are modeled with 8-node quadrilaterals with reduced 

(2x2) Gaussian integration. Four elements have been used through the thickness of the 

wall. The liner has been represented with axisymmetric second order shells which share 

the nodes with the continuum elements. 

A general view of the mesh is shown in Figure 3-l. It has a total of 1300 nodes and 5 10 

elements. 

Reinforcing steel bars and horizontal tendons have been represented within the continuum 

elements. As an example Figure 3-2 shows a detail of the rebar layers around the 

anchorage gallery. In some areas the actual reinforcement is not axisymmetric; thus, a 

mechanically equivalent axisymmetric reinforcement had to be determined and was 

introduced in the model. 

Vertical tendons are not adherent; hence, they have modelled as independent truss 

elements which can slide with respect to the concrete with a friction coefficient between 

the tendons and the sheaths of 0.21. Table 3-l gathers the final force adopted for the 

tendons including the different prestressing losses. 

3.2 Material modelling 

The steel of the liner, rebars and prestressing tendons has been modelled as an elastic- 

plastic material with isotropic hardening. The mechanical constants adopted are shown in 

Table 3-2 and the uniaxial stress-strain curves for the different steels are represented in 

Figures 3-3 to 3-7. 

The properties adopted for the concrete are provided in Table 3-3. The constitutive model 

is elastic-plastic in compression, but is brittle with strain softening in tension once the 

tensile strength is reached (HKS, 1998). The postfailure stress-strain relationship in 

tension is defined by a linear reduction of the stress according to Table 3-4. 
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Table 3-l Prestressing force per tendon 

I AncE;;e set 1 Shrin~qe 1 CIZ;; 1 Relaxzyn I Final I 

Hoop 

Vertical 

WV WI WI W) W) 
360 17 20 7 316 

470 17 8 7 437 

Table 3-2 Properties for steel 

Liner Liner 

SD345 SD345 

SD390 SD390 

SD490 SD490 

Tendons Tendons 

E E V V 0, 0, 

GW GW (-) (-) NW NW 

219 219 0.3 0.3 384 384 

175 175 0.3 0.3 371 371 

186 186 0.3 0.3 460 460 

185 185 0.3 0.3 526 526 

220 220 0.3 0.3 1742 1742 

0” 0” 

(MPa) @@‘a) 

498 

498 

662 662 

782 782 

832 832 

1892 1892 

&I 

&I 

c-1 c-1 

0.28 0.28 

0.24 0.24 

0.19 0.19 

0.17 0.17 

0.08 0.08 

Table 3-3 Properties for concrete 

C29 

c45 

E V fc 

@Pa) C-1 WW 

27 0.18 44 

28 0.18 55 

f 

(MGa) 

3.6 

3.6 

Table 3-4 Stress-strain softening 
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Figure 3- 1 Finite element model 
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Figure 3-2 Detail of steel reinforcing 
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Figure 3-3 Uniaxial stress-strain data for liner 
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Figure 3-4 Uniaxial stress-strain data for SD345 
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Reinforcing Steel - SD390 
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Figure 3-5 Uniaxial stress-strain data for SD390 
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Reinforcing Steel - SD490 
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Figure 3-6 Uniaxial stress-strain data for SD490 
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Figure 3-7 Uniaxial stress-strain data for tendons 
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4. RESULTS 

The results obtained at different output locations are plotted in Appndix II. A summary 

of the event milestones is presented in Table 4- 1. 

Table 4- 1 Sequence of events 

(Pmdesign) Event 

1.7 First cracking in cylinder in hoop direction 

2.6 Liner starts yielding 

3.0 First cracking in cylinder in meridional direction 

2.9 Hoop rebars start yielding 

3.0 Vertical rebars start yielding 

3.3 Hoop tendons start yielding 

3.4 First hoop tendon in cylinder reaching 1% strain 

3.5 First hoop tendon in cylinder reaching 2% strain 

Figures 4-l to 4-3 show the deformed shapes of the containment which correspond, 

respectively, to 3.25,3.45 and 3.62 times the design pressure. 

The global response of the structure may be visualised through the evolution of the radial 

displacement at the levels of midheight of the cylinder and the springline as shown in 

Figure 4-4. 

Figures 4-5 and 4-6 depicted, respectively, the evolution of stresses in the prestressing 

tendons and the reinforcement at midheight of the cylinder. Finally, the effective plastic 

strains in the liner at 3.6 times de design pressure are presented in Figure 4-7. 

The results indicate that cracking of the concrete causes a sudden change of the stiffness 

of the structure at approximately 2.0 times the design pressure. From this point, tendons 

and rebars have to sustain the pressure. Hoop rebars start yielding at 2.9 iimes the design 

pressure and horizontal tendons at 3.33, which provides a limit for the pressure. 

The global response of the structure indicates that the most likely pressure range for 

failure is comprised between 3.33 and 3.50 times the design pressure. 
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It is difficult to predict the possibility of a local failure mode (arising, for example, as a 

consequence of strain concentrations near penetrations) without conducting detail 

analyses. However, the level of global plastic strains in the liner shows that, if a strain 

concentration factor of 10 is adopted, the tearing of the liner would occur in the same 

range of pressures mentioned earlier. 
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Figure 4- 1 Deformed shape P/Pd=3.25 
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Figure 4-2 Deformed shape P/Pd=3.45 
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Figure 4-3 Deformed shape P/Pd=3.62 
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Figure 4-7 Equivalent plastic strain in the liner at P/Pd=3.62 

24 

P-30 



5. CONCLUSIONS 

A global 2D axisymmetric model has been generated for providing a first insight of the 

general structural behaviour prior to failure. Several tentative conclusions may be drawn 

from the calculation performed at this stage: 

a> 

b) 

c> 

d) 

ej 

f) 

Linear behaviour of the PCCV is expected up to 2.0 times the design pressure, 

when concrete wall starts cracking. 

The cracking of the concrete causes a sudden change in the stiffness of the 

structure. Beyond this point tendons and rebars have to sustain the pressure. 

Hoop rebars start yielding at 2.9 times the design pressure and vertical rebars 

yield in the range of 2.9 to 3.3 times the design pressure. 

The limit for the pressure is approximately given by the yielding of the 

horizontal tendons, which occurs at 3.33 times the design pressure. 

Global failure would be most likely to occur between 3.33 and 3.50 times the 

design pressure. 

Further detail analyses are required for assessing the possibility of local failure 

modes developing in the liner near penetrations. However, the level of effective 

plastic strains observed in the global model suggests that local failures are also 

most likely to take place within the same pressure range. 
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Appendix A, Composite Plots, comprises test data compiled aud plotted from all organizations that 
participated in the Prestressed Concrete Containment Vessel (PCCV) Round Robin Pretest Analysis. 
To avoid duplicating the composite information, individual sets of data and/or plots have been 
omitted 6rom participants’ reports. In some cases this action resulted in disconnects between callouts 
and content and in the numbering of figures, tables, and pagination in some reports. 

However, Appendix Q, “‘RINSC, Russia International Nuclear Safety Center, Russia,” contains noIle 
of these disaMnuities. 
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INTRODUCTION 

This Report describes ongoing work on the analysis of behavior of PCCV structure modelir 
the containment of water reactor (PWR) manufactured of prestressed reinforced concrel 
During Phase 2 the computational scheme was chosen and the behavior of structure subject4 
to project inner pressure of 0.4MPa. 

Here we present computational analysis of structure behavior under inner pressure of interv 
0-ISMPa. As distinct from previous phase of work (phase 2) the mechanical characteristi 
.of concrete and reinforcement element have been changed in some degree according to tl 
recommendations of specialists from Argon National Laboratory. 

This task was performed in frame of work of Russian International Nuclear Safety Cent 
(RINSC) and American International Nuclear Safety Centre. Main goal of these efforts 
verification of program codes for structural analysis of spatial structures and selection 
codes adequately describing experimental data. 

In this Report we present results of calculation employing DANCO code. Comparison 
results of these studies with experimental data will be performed after completion 
developing PPCV model and conducting corresponding experiments 
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1. COMPUTATIONAL SCHEME OF PCCV MODEL. 

Fig.1 presents general view of PCCV structure. Descriptions of structure and 
mechanical properties of materials used are obtained from Sandia National Laboratory. 

During fabrication concrete part of PCCV is prestressed with steel tendons. Forces in 
tendons are 47OkN, in hoops - 35OkN. 

Accounting structure’s behavior both in going from common state to prestressed one 
and during loading by inner pressure, the computational scheme of PCCV structure 
(Fig.2) with two distinctive symmetry planes was developed . The computational 
scheme of structure is based on possibilities of DANCO code (see Report, phase l), 
which allows to account following: 

l concrete - physically nonlinear material with different maximum strength 
properties under compression and tension; equation of state of concrete 
accounts its possible destruction; 

l reinforcement and tendons are subjected to longjtudinal stresses only; elasto- 
plastical deformation is taking into consideration; 

l tendons are considered as thin-wall shell ribbons without flexural rigidity. 
Simulation of creating prestressed state of concrete using system of tendons 
in computational scheme is realised by employing the model of contact on 
non-matching meshes with possible slip. Model of contact provides the 
transfer of load from tendons to concrete by the normal during tensioning. 
Boundary conditions allow to conserve mechanical trajectory of every tendon 
through its tensioning. Friction between concrete and tendons is not 
accounted. Only those parts of tendons which lay in spherical dome were 
taken into consideration whereas tendons in cylindrical part of containment 
do not affect on its stressed-strained state. 

According to recommendations obtained from Sandia National Laboratory following 
values of mechanical properties of materials were used in calculations: 

Material Density, kg/m3 

Reinforcing bars 7800 

Tendons 7800 

Concrete 2190 

Young’s modulus, 
GPa 

200 

210 

26,97 

Yield point, MPa 

400 

1690 

--- 

In calculations axial tensile strength of concrete was assumed equal to 3.460 l l , 
axial compressive strength (prism strength) - 48.840 l l . 

In computational scheme longitudinal and circumferential reinforcements were 
presented as thin-wall layers with equivalent thickness. 
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Creating prestressed state in concrete and specified character of loading of PCCV 
structures are slow, static processes. As the DANCO program is intended to solve problems of 
non-stationary deformation of structure elements, to simulate slow deformation in the 
DANCO program we employed technique of slow loading of structure and dynamic 
“stationarization” (dampening) of arising vibrations. Content of this technique is following. 
Time of increment of applied load is equal to 3-5 natural cycles of structure’s vibration (see 
Fig.3,4). On each computational step general vector of velocities was multiplied by 
“stationarization” factor. Its value was determined empirically and here it equals 0.99. 
Calculations were continued until all vibrations of structure died down completely. 

The structure’s behavior analyses was performed in two stages. Firstly, the prestressed 
‘state of the model was created by tensioning of the tendons. 

Time when whole structure goes into steady-state conditions (all vibrations are 
decayed) after tensioning of all tendons is completed, was choose as the starting point of next 
stage of analyses. 

Then to determine the values of pressure which may create crack in concrete and 
plastic deformation of reinforcement, inner pressure of range from 0.4 up to 1.5 MPa (0.4 
MPa, 1 .O MPa, 1.25MPa, 1.4 MPa and 1 .SMPa ) was applied to pre-stressed structure. 
(Again, calculations were stopped when complete decaying of vibrations occured.) 
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0 
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Fig. 1 -Geometry of the structure 



Fig.%. Computationat scheme of the structure (I/3”’ part) 
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F, kN 

Fig. 3. Time profile of load, applied to tendons and hoops. 

t, ms 

148 198 t, ms 

Fig. 4. Time profile of inner pressure. 
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2. RESULTS 

Basic results of calculation of stresses-strained state of PCCV structure are presentes in Fig.S- 
25. 

Fig.5 - 10 shows radial displacement distribution over the shell body under different inner 
pressure applied. 

Fig.1 1 - 16 present vertical displacements distribution over the shell body under different 
inner pressure applied. The displacements take a value from the range -6.0.. .+lO.Omm. 

Fig.17 - 22 shows distribution of stress intensity in the inner and outer layers of 
reinforcement. When inner pressure is less than l.OMPa, stress intensity is under yield point 
and reinforcement deforms elastically. When inner pressure equals l.SMPa, stress in 
reinforcement layers adjacent to the hole exceeds the yield strength. It may cause the 
appearance of penetrating cracks in concrete and the loss of air-tightness. 

Fig.23 -25 shows places of possible appearance of non-penetrating face cracks in the concrete 
shell of PCCV. In these places the transition to plastic deformation of reinforcement begins. 

As it may be seen from the figures in circumferential belt of cylindrical shell which includes 
the hole, the noticeable radial displacement of body (up to 13Omm) is occurred under inner 
pressure of 1.5 MPa. In these places strength of concrete degrades under given level of 
deformation, and effectiveness of hoops is decreased due the hole presence. 

Table 1 contains the calculated values of following parameters: displacement, strain and stress 
- in the standard locations according to input specifications. Graphical dependencies of the 
parameters versus inner pressure in some of these locations are given in Table 2. 
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-3,3mm -1,65mm O.Omm 

Fig. 5 Distribution of radial displacements of concrete shell of PPCV without inner pressure 
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Fi g. 7 Distribution of radial displacements of concrete shell of YPCV, inner pressure i .OJ 
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/ 
-1Omm 51nm 20mm 

Fig. 8 Distribution of radial displacements of concrete shell of PPCV, inner pressure 
12SMPa. 
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-2Omm 55mm 130m 

Fig. 10 Distribution of radial displacements of concrete shell of PPCV, inner prcsSUX 

1 SMPct. {process not &lMp) 
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-3.3mm -1,65mm O.Omn 

Fig. 1 I Distribution of vertical displacements of concrete shell of PPCV. without inner 
pressure. 
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/ 

.6mm -1.3mm O.Omm 

Fig. 13 Distribution of vertical displacements of concrete shell of PPCV. inner pressure 
0.4MPa. 
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-3 
/ 

.6MIll 0.8mm 62mm 

Fig. 14 Distribution of vertical displxements of concrete shell of PPCV, inner pressure 
1 .ZMPa. 
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6mm Zmm 1 Omm 

Fig. I5 Distribution of vertical displxemcnts of concrete shell of PPCV, inner pressure 
1.3Mpa 
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-5mm Omm 5mm 

Fig. I6 Distribution of vertical displacements of concrete shell of PPCV, inner pressure 
1 .SMPa.(process not dampl 
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Fig. 17,Distribl~tion of stress intensity on surface of rcinforccmcnt of PCCV shell without inner pressure. 





Q
-25 



l
 

Q
-76 





’ 0 200* l l 

Fig, 22. Distribution of stress htensity on surface of reinforccmcnl of PCCV 
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Table 2. 

PCCV Standard Output Locations 

Loc.# 

; 1 

Results for points 

Type El.(m) 
P=O P=O.4 P=l.O P=1.25 P=l.4 P=1.5 

destruction’ 

0.00 0 mm Omm Omm Omm Omm OKtIll 

Orientation Az.(deg) 

Displacement 
I 

0.25 1 -0.06mm 1 0.0045mm 1 0.27mm I 1.68mm I 15.45mm I >49.12mm 2 

f 

3 

4 

Displacement 

Displacement 

Displacement 

1.43 1 -0.96mm 1 -0.30mm 1 2.26mm I 10.26mm I 14.89mm I >62.99mm 

Radial I 135 2.63 ( -1.58mm I -0.74mm I 3.3Omm 9.17mm 1 13.89mm I >61.48mm 

Radial I 135 Displacement 

Displacement Radial I 135 6.20 1 -1.56mm 1 -0.72mm 1 3.10mm I 9.32mm I 15.24mm 1 >66.41mm 

10.75 1 -1.44mm 1 -0.67mm 1 0.74mm 1 3.9mm 1 5.9Omm I >9.05mm Displacement 

Displacement 
~.~ -~~~ ~ ~~~ ~~ ~~~ ~~ 

10.75 I -1.91mm I -1.41mm I -1.34mm I 0.3mm I 1.21mm I >-2.37mm 

9 I-- 10 

DispIacement Horiz.(Rad) I 135 14.55 1 -3.29mm ) -2.58mm 1 -2.14mm 1 -1.25mm 1 -0.72mm I >-3.8mm 

Displacement 14.55 1 -3.28mm 1 -2.59mm I -2.24mm I -1mm I -0.24mm I >-3.73mm 

I Displacement 16.13 I -3.27mm I -2.52mm I -1.99mm 1 -0.67mm I 0.17mm I >-2.41mm 
1 I I I I I 

’ Process not damp 



12 

13 

14 

15 

16 

17 

18 

19 

9 20 
t: 

21 

22 

23 

24 

25 

26 

27 

28 

Displacement Radial 90 1 6.20 ( -1.4Omm 

Displacement Radial 90 I I 10.75 -1.17mm 

Displacement I Radial 

Displacement I Radial 

Rebar Strain I Meridional 

Rebar Strain Meridional 

Rebar Strain Meridional 

Rebar Strain Meridional 

Rebar Strain Hoop 

Rebar Strain Meridional 

Rebar Strain Hoop 

Rebar Strain Meridional 

Rebar Strain I Meridional 

324 4.675 

62 4.525 

135 0.05 -0.00039 

135 0.05 -1.20*10-5 

135 1 0.25 1 -0.00037 -0.00015 1 0.00041 1 0.00018 1 0.00017 1 -0.00427 1 

135 1 0.25 1 -5.57.10“ -7.18.10-5 1 -0.00018 1 9.22.10-5 1 0.0006 1 0.00076 1 

135 I 1.43 I -0.00013 -0.00011 1 -0.00019 1 6.35.W’ 1 -0.00135 1 0.00077 1 

135 1 1.43 I -0.00022 
I I 

135 6.20 -0.00033 

135 ) 10.75 / -0.00019 

-0.08mm 6.2mm 11.15mm 15.23mm >61.17mm 

-0.41mm 1.43mm 3.26 
, 

4.88mm 7.13mm 

-o.M)ocLI.OOll 1 0.00092 1 0.00075 1 0.00086 1 
I I I I I 

-0.0001 I -0.00034 I 0.00012 I 0.00077 I 0.00102 I 

-0.00011 4.270 lo” 7.78.10‘5 -0.00153 0.00039 

-0.00011 0.00097 0.0022 0.0023 0.00292 



I 
-0.00019 -5.54. w5 -2.33~10“ 3.27e106 

j -0.00013 0.0011 0.0018 0.00087 

7.87.W5 29 Rebar Strain Meridional 135 14.55 

30 Rebar Strain Meridional 90 0.05 

31 Rebar Strain Meridional 90 O.Q5 

32 Rebar Strain Hoop 90 6.20 

33 Rebar Strain Meridional 90 6.20 

-0.00028 

-0.0003 1 0.00098 

-5.61~UJ5 ~ -0.00015 1 -0.00016 1 0.00039 1 0.00019 0.00072 

0.00194 ’ -3.25,10-’ 0.00028 0.00085 0.0023 

-0.00011 -1.76.W’ 0.ooo11 0.0003 1 

-0.00013 0.0014 0.00104 0.00099 

-0.00013 0.0014 0.00104 0.00099 

’ -0.00015 

-0.00017 0.00066 

0.00122 34 Liner Strain Meridional 0 0.010 

35 Liner Strain Meridional 0 0.010 

-0.00048 

-0.00048 0.00122 

I 36 Liner Strain I Meridional I ~~ 135 I 0.25 -0.00039 -0.00489 -0.ooo17 0.00054 0.00019 0.0001 

3.79.1tP 7.92*& o.ooo33 0.00146 

-0.ooo17 -0.00022 -8.34. lO-5 0.00025 

-4.52. lo” 0.0013 0.0020 1 0.00258 

I 37 I Liner Strain I Hoop 1 135 1 0.25 -1.65.10” 0.023 I 

I 38 Liner Strain Meridional I 135 I 6.20 -0.00023 -0.00045 

I 39 Liner Strain Hoop I 135 I 6.20 -0.0003 1 0.00494 

I 40 Liner Strain I Meridional I 135 I 10.75 -0.00019 -0.00014 1 -6.2+W5 1 1.19.10” ) 0.00013 0.0019 

I 41 I Liner Strain I Hoop I 135 ( 10.75 -0.0002 1 -4.86.10-’ 1 0.00043 1 0.00093 ) 0.00125 0.0023 

I 42 I Liner Strain I Meridional I 135 I 16.13 -0.00022 -0.00013 1 5.55*10-5 1 5.97.10-5 ( 8.6*10-5 0.00032 

0.00047 -0.000 17 

-0.00017 

-0.00030 

0.00246 



46 Liner Strain 

47 Base Liner 

48 Tendon Strain 

49 Tendon Strain 

50 Tendon Strain 

51 Tendon Strain 

52 Tendon Strain 

53 Tendon Strain 

Hoop I 59 

Hairpin I 135 

Hoop 

Hoop 

280 

0 

Hairpin 241 

Hoop I 275 

4.525 -0.00030 -0.0001 I 0.00027 0.0007 0.00063 0.00045 

15.60 

10.75 

6.58 

6.58 

6.58 

0.0015 0.0014 

0.0028 0.0025 

0.0022 0.0022 

0.0023 0.0023 

0.0022 0.0022 

0.0014 0.0013 

0.0024 0.0023 

0.002 1 0.002 1 

0.002 1 0.002 1 

0.002 1 0.002 1 

0.0013 

0.0024 

0.0023 

0.002 1 

0.0023 

0.0013 

0.0024 

0.002 1 

0.002 1 

4.57 1 0.0023 1 0.0023 1 0.0021 1 0.0021 1 0.0021 1 0.0021 

-1.16 1 470kN 1 470kN 1 470kN 1 470kN 1 470kN ) 470kN 

6.58 1 350kN 1 350kN 1 350kN 1 35Ok.N 1 35OkN 1 350kN 
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Appendix 4 Compmite Plots, comprises test data compiled and plotted from all organizations that 
participated in the Restressed Ccutuete Ccutainment Vessel (PCCV) Round Robin Pretest Analysis. 
To avoid duplicating the amposite information. individual sets of data and/or plots have been 
omitted from participants’ repark In some cases thii action resulted in disconnects between cxdlouts 
and content and in the nmbezing of figures tables, and pagination in some reports. 

I 

However. Appendix R “SNIJANATECH, Sandia National Laboratories, United States,” cmtaims 
none of these discontinuiIie.s. I 
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EXECUTIVE SUMMARY 

This report describes pretest analyses of a 1:4 scale model of a prestressed concrete containment vessel 
(PCCV) constructed by the Japanese Nuclear Power Engineering Corporation (NUPEC) at Sandia 
National Laboratories. It documents the analytical predictions of the model behavior performed by 
ANATECH for Sandia for submittal to an international Round-Robin pretest exercise. The test program 
is part of a cooperative effort between the United States Nuclear Regulatory Commission and NUPEC. 

The first analysis consisted of a 2D axisymmetric global model with discrete representation of concrete, 
liner, rebar, and tendons, but “smeared” representation of non-axisymmetric features. The typical 
azimuth chosen for the modeling plane was 135”. The ABAQUS general purpose finite element 
program with the ANACAP-U concrete and steel constitutive modeling modules were used for the 
analysis. Tendons and their prestressing were modeled to replicate expected tendon stress-strain 
behavior and friction effects. Concrete cracking was simulated with the “smeared crack” approach 
where cracking is introduced at the finite element integration points. A list of possible failure modes 
and failure locations was developed based on the global axisymmetric analysis and based on experience. 
A liner failure at the midheight of the cylinder near a penetration and a shear/bending failure at the base 
of the cylinder wall were both investigated in detail. Local models studied with detailed analysis were 
the Equipment Hatch region, the Personnel Airlock region, and the Mainsteam Penetration region. A 
detailed 3d model of the entire cylinder midheight region was also developed for detailed investigation 
of tendon behavior in the cylinder and three dimensional effects which drive the local strain 
concentrations near the penetrations. 

The local models showed that liner tearing failure near the E/H is likely by 3.2 Pd (3.2 x design pressure 
= 1.27 MPa, or 185 psig). The failure strain, using a strain-based failure criteria that considers the 
triaxiality of stress and a reduction in ductility in the vicinity of a weld, was 0.162. The high strain 
locations are at the base of a vertical liner anchor which terminates near the E/I-I 2 o’clock position, 
about 20 mm out from the edge of the thickened liner insert plate, and near a hoop stiffener which also 
terminates nearby. Other local models showed other candidate liner tear locations, several of which are 
likely to occur during the pressure range 3.2 Pd to 3.5 Pd, if they are not precluded first by the growth of 
the first tear and subsequent depressurization of the vessel. A significant candidate tear location was 
also found near the 90 degree buttress where hoop strains are elevated due to bending, and a weld seam 
and hoop stiffener “rat-hole” are coincidentally located. A study of potential shear failure at the wall- 
base juncture showed that while wall-base outer surface concrete spalling is predicted to occur by 3.2 Pd, 
a through-wall shear failure is not likely until at least 4.0 x Pd, and other failure modes are judged to be 
more likely to occur prior to reaching this pressure. 

The detailed models described herein demonstrate a new tendon modeling approach in which friction 
losses are explicitly represented by friction truss tie elements. Expected tendon stress distributions at 
various pressures are provided. Capturing the tendon stress distributions in more detail has helped 
improve the prediction of displacement response and liner strains, especially near the E/H where the 
tendon layout and tendon friction is very complex. The 3DCM model with its detailed tendon 
representation, predicted a rupture of the hoop tendon closest to the E/I-I at a model pressure of about 
3.5 Pd, and if this occurred prior to earlier depressurization associated with liner tearing/leakage, rupture 
of other tendons and large deformations of the vessel would quickly follow. However, this mode is 
predicted to be precluded by the liner tearing and leakage failure mode. 
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1.0 INTRODUCTION 

This report describes pretest analyses of a one-fourth scale model of a prestressed concrete containment 
vessel constructed by NUPEC at Sandia National Laboratories. The analysis work was performed for 
Sandia as part of a cooperative effort between the USNRC and NUPEC. The results of the pretest 
analysis form the basis for submittal to a Round-Robin pretest prediction analysis exercise. 

1.1 Background 
The testing of the one-fourth scale PCCV model represents a valuable opportunity to examine the 
ultimate pressure capacity of a steel-lined, prestressed concrete containment model in a manner similar 
to Sandia’s USNRC-sponsored 1:6 scale model of a reinforced concrete containment[1,2]. Pretest 
predictions and post-test analysis of the 1:6 scale model were carried out by ANATECH as part of the 
Electric Power Research Institute’s (EPRI’s) participation in Sandia’s round-robin analysis program. In 
that effort, concrete analysis methodology and liner tearing criteria developed under EPlU’s sponsorship 
were utilized to obtain reasonably close predictions of the failure pressure and obtain a list of the 
possible liner tearing locations, several of which ultimately occurred in the 1:6 scale model test. The 
analysis methodology used in the present work is similar to that employed in the analysis of the 1:6 scale 
model. However, the 1:4 scale PCCV model introduces new analytical aspects due to the prestressed 
design. 

While there is extensive evidence supporting liner tear and leak-before-break as the dominant failure 
mode of steel lined concrete containments (as occurred in the 1:6 scale model), some containment 
research[3,4,5] has indicated that prestressed containments may be more prone to a structural failure 
(rather than leak) than reinforced containments. This is due to the following: (1) there is a generally 
narrower pressure range that exists in prestressed containments over which most significant 
deformations occur (and lower ductility due to lower failure strains in tendons versus rebar), and (2) 
prestressed containments have generally thinner walls and rely more heavily on the concrete as, a 
structural component. The former issue becomes relevant for accident scenarios with high rates of 
loading (rates that could “leap frog” beyond a liner tearing pressure) and the latter issue suggests the 
possibility of a shear or other brittle concrete failure mode. 

The Sizewell B test of a 1: 10 Scale PCCV in England and associated analyses emphasized investigation 
of structural failure modes, but this was because that test was loaded with a water-filled rubber bladder 
which precluded leak-before break. The issues stated above make the 1:4 Scale PCCV model test 
particularly interesting for purposes of addressing competing structural and liner tearing failure modes. 
In the current work, prediction of ultimate capacities and of gross structural failure modes are, therefore, 
of at least equal importance to predicting liner tearing failure. 

1.2 Scope and Obiectives of Pretest Analysis 
The objectives of the pretest analyses are: 

(1) To obtain a database for the validation of analytical models for predicting the global 
structural response of a prestressed concrete containment; 

(2) To gain insight, through pretest predictions, into the potential structural failure 
modes of a prestressed concrete containment; and 

(3) To aid in the design, gage placement, and planning of the test. 

In addition to prediction of global response with 2d global models, predictions of possible failures near 
penetrations in the test structure are provided with a suite of 3d local models that includes the E/H and 
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P/A models, and a model of the Mainsteam (M/S) Penetration Group. The global axisymmetric model 
predicts a radial displacement versus pressure at the cylinder midheight that may serve as an average 
displacement, but the radial displacement around the circumference of the cylinder may be highly 
variable due to the existence of buttresses or wall embossments. Prediction of this behavior and the 
development of boundary conditions for local models required prediction of the 3-dimensional response 
of the mid-height region of the cylinder. A 3-D cylinder midheight (3DCM) model was developed that 
extends 360 degrees circumferentially, and included both buttresses. 

1.3 Behavior and Failure Modes Investigated 
Prior to starting the analyses, a list of potential failure mechanisms and vulnerable regions and 
components of the structure were developed. The list was intended to be as comprehensive as possible, 
regardless of the relative likelihood of the events in the list. Then a detailed plan was developed for 
systematically eliminating or investigating each of the failure mechanisms and vulnerable components. 
Table l-l lists these items and the method proposed at the outset of the work to evaluate each item. 

Many of the items listed in the table are identified as either “free-field” behavior or localized behavior. 
Free-field refers to a failure mechanism at a reasonable distance away from stiffness discontinuities such 
as penetrations or the wall-base juncture. Local failure mechanisms are those near stiffness 
discontinuities caused by local stress or strain concentrations near discontinuities or connection details. 
In general, global analyses only predict free-field behavior. However, based on experience from prior 
structural testing, inferences can be made from free-field behavior about local behaviors. This issue is 
discussed in more detail in the discussion of failure criteria and failure predictions. 

Each of the local penetration analyses investigated and ranked the potential for liner tearing failure 
mode. The potential for liner tearing near penetrations is increased by strain concentrations: 

(1) near the edges or ends of vertical T-anchors; 
(2) near the edges or ends of horizontal stiffeners; 
(3) near liner thickness discontinuities; 
(4) near liner bending points (edges of embossments where a liner angle change 

occurs); 
(5) near weld seams, i.e., at a comer where a vertical seam meets a horizontal seam. 

The local models described herein investigate strain concentrations 1 through 4, but not 5. Strain 
concentration 5 is addressed through judgment and through evaluation of welded liner test data which is 
discussed in the development of the liner strain failure criteria. 

The analytical models also investigate shear and bending in the containment wall, elevated rebar strain, 
elevated tendon strain, and the models will predict failure in these modes, if it were to occur. The only 
significant local deformations and strains that were found other than in the liner are the wall bending 
near the buttresses and the elevated wall membrane strains at local rebar termination points. These 
modes were all investigated by the 3DCM model. 

1.4 Computational Tools 
The ANACAP-U material modeling modules are called by ABAQUS through ABAQUS’s subroutine 
UMAT utility. For all of the analyses described herein, ABAQUS Version 5.6 and ANACAP-U Version 
2.5 were used. 

The ANACAP-U concrete constitutive (material) model is based on the smeared-cracking methodology 
developed by Rashid[6] and a Jz-plasticity theory that permits the incorporation of cracking and other 
significant concrete response characteristics. The theoretical basis for this model is fully described in [7]. 
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Within the concrete constitutive model, cracking and all other forms of material nonlinearity are treated 
at the finite element integration points. Thus, the cracking and stress/strain state can vary within an 
element. Cracks are assumed to form perpendicular to the principal strain directions in which the 
cracking criterion is exceeded. Multiple cracks are allowed to form, but they must be mutually 
orthogonal. When cracking occurs, the stress normal to the crack direction is reduced to zero which 
results in redistribution of stresses around the crack. Once a crack forms, the direction of the crack 
remains fixed, and it can never “heal.” However, cracks may close and re-open under load reversals. 
The shear stiffness aIso is reduced upon cracking and further decays as the crack opens. This effect is 
known as “shear retention”, and it is attributed to crack roughness and aggregate interlock. 

Rebar is modeled as individual sub-elements within the concrete elements. Rebar sub-element stiffness 
is superimposed on the concrete element stiffness in which the rebar resides[S]. The rebar material 
behavior is handled with a separate constitutive model that treats the steel plasticity, strain hardening, 
and bond-slip behavior (if bond slip is expected to be significant). The theoretical basis for the rebar 
constitutive model are also described in [7]. The concrete and rebar formulations can handle arbitrary 
strain reversals at any point in the response, whether in tension or compression. 

Table l-l. List of Potential Failure Modes, Failure Mechanisms and Analysis Methods for the I:4 Scale PCCV 

Failure Mode Failure Mechanism Evaluation Method 

Loss of Prestressing 

Failure of Reinforcement 

Shear/Bending Failure 

Pressure Loss Due to Liner Tearing 

Tendon rupture in free-field 

Tendon rupture near a penetration 

Tendon grip, local concrete crushing, or 
other anchorage failure 

Rebar rupture in free-field 

Global axisymmetric model 

3DCM Model 

Ancillary tests by tendon supplier 
and/or NUPEC and Sandia 

Global axisymmetric and 3DCM 
Models 

Rupture of rebar around a penetration 

Rebar bond slip or anchorage failure 

Basemat-wall juncture 

Through-basemat 

Springline 

Local 3D and 3DCM models 

In wall adjacent to Equipment 
Hatch/Personnel Airlock 

Tear in free-field liner 

Horizontal tear at wall-base juncture 

Detailed axisymmetric wall-base model 

Global axisymmetric model 

II 11 

Global axisymmetric analysis 

Local 3D models of penetrations 

Global Axisymmetric Model 

GlobaI Axisymmetric Model and 
Detailed Liner-only wall-base model 

Horizontal Tear at Springline 

Horizontal Tear Near Penetrations or 
other Liner Anchor Discontinuity 

Vertical Tear Near Penetrations 

Global Axisymmetric Model 

Global Axisymmetric and Local 3D 
Penetration Models 

Global Axisymmetric and Local 3D 
Penetration Models 

Vertical Tear at Edges of Buttress 3DCM and Local 3D Models 
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2.0 PCCV TEST STRUCTURE GEOMETRY AND PROPERTIES 

2.1 Geometry and Loading 
Geometry and material property information for the PCCV model was provided by Sandia[9]. The 
model consists of a 10.8m diameter cylinder with a wall thickness of 325mm, a 3.5m thick basemat and 
a hemispherical dome of thickness 275mm. The model rests on a 15cm thick mudmat built over 
engineered backfill. There is no bond between the basemat and the mudmat, so the model is free to lift 
up. The basemat reinforcement consists of radial, hoop, and orthogonal rebar patterns. The meridional 
tendons are a hairpin design laid out orthogonally and anchored in the tendon gallery. The hoop tendons 
all span 360°, and the anchorages are staggered between the two buttresses located at 90” and 270”. 

The cylinder wall contains a scaled version of an equipment hatch (E/H), a personnel airlock (A/L), and 
several smaller penetrations. The two main openings (e.g. the Hatch and Personnel Airlock) are located 
at Azimuth 324” and 62”, respectively. Because of the existence of buttresses and penetrations, the 
azimuth of the model that is believed to be influenced the least by non-axisymmetric features of the 
structure is at 135”. This azimuth is located no closer than 45” from any perturbation in free-field 
stiffness. Thus, this azimuth of the model was adopted specifically for measuring and analyzing “global” 
response. 

The test calls for nitrogen pressurization. The design pressure Pd of the model is 0.393 MPa. The 
planned loading sequence includes a loading cycle to 1.125 x Pd (the SIT) prior to ultimate 
pressurization of the model. This loading sequence was followed in the global axisymmetric analysis, 
but since the response prediction was nearly identical with and without the initial SIT pressure cycle, this 
cycle was not included in the local model analyses. 

2.2 Materials 
The material property input to the analyses was prepared based on data provided by Sandia[9]. The 
idealizations of these data made for analysis reported herein are outlined below. 

The concrete properties used in the analysis were based on stress versus strain data of the trial mix 
concrete and on a few measurements that were available from construction prior to January 1999. In the 
preliminary analysis, strength of ten percent higher than specified on the drawings was assumed. The 
10% increase was added to account for additional strength associated with aging of the material between 
the time of placement and the time of testing. In the process of selecting a representative concrete 
material curve, it was noted in Sandia’s final information package released to Round Robin Analysts [9] 
that the actual concrete poured was much weaker than the trial mix tests. Based on this information, the 
trial mix data was not used directly for the fc, = 44.13 MPa concrete. The data was used, however, to 

calibrate the shape of the stress-strain curve and to establish parameters such as &crush, sfractrure, Young’s 
Modulus, and Poissons Ratio. (E crush is the uniaxial strain at maximum compressive strength, and &fracture 
is the cracking strain). For the compressive strength, the specified strength plus 10% for aging was used. 
The stress strain curve that was assumed and the various data provided by Sandia are plotted in 
Figure 2-l. 

~ 
For the fcl = 29.42 MPa concrete, on the other hand, tests taken at the time of construction showed 
better correlation to the trial mix data, so these data were used to establish fc, and the other material 

I parameters. From past experience with the 1:6 scale and other test models, actual strength corresponds 
best to field cured specimens. This is because the PCCV model itself is subjected to the same 
atmospheric elements and temperature variations as the field cured specimens. The stress-strain curve 
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I used in the analysis is shown in Figure 2-2. All of the inputs to the analytical material models are 
I itemized below: 

Spec. f; = 29.42 MPa Spec. f; = 44.13 MPa 

Uniaxial Compressive Strength 48.81 MPa 48.54 MPa 
(1.1 x Avg. of Series A, Series B at 13 (1.1 x Spec. Value) 

weeks, Field Cured) 
Uniaxial Tensile Strength* 2.65 MPa 2.64 MPa 

(assumed &eacrure = 80x 1 O&) (assumed cfracture = 80x 1 Od) 
Initial Young’s Modulus* 33,071 MPa 32,979 MPa 

(57,000 z. with f; in psi) (57,000 &, with f; in psi) 

Poisson’s Ratio* 0.2 0.2 
Density 2.2 ton/m’ 2.2 ton/m’ 

* Tensile Strength, Young’s Modulus and Poisson’s Ratio were based on experience and on formulae built-in to the 
ANACAP-U constitutive model, but they all compare fairly well to the Trial Mix Data. 

Stress-strain data from rebar pull tests were also provided in the Sandia information sent to all Round 
Robin Analysts [9]. In general three test curves were provided for each bar size and specified strength. 
For some bar sizes, results of pull tests on dumb-bell shaped specimens fabricated from the standard bars 
were also provided. It was generally observed that the dumb-bell specimens produced significantly 
higher yield and ultimate strengths than the unaltered bar specimens. Based on experience, it was 
deduced that the yield curve for the standard (unaltered) specimens provided the best representation of 
engineering stress versus engineering strain to use in the analysis, but that the dumb-bell specimens 
provided the best representation of Young’s Modulus. This rule was followed in the generation of the 
idealized curves for analysis. In each case one data set which appeared to represent the average of three 
reliable datasets, was selected as the representative stress-strain data. Single “outlier” curves which 
deviated significantly from the other two curves were ignored. In all cases Young’s Modulus was set 
equal to 200,000 MPa. It should be noted that since the measured stress-strain data is based on a 
measured force divided by nominal area, it is mathematically appropriate to input nominal areas to the 
finite element model, regardless of the presence of the “ribs” or irregularities on the deformed bars. 

Strand and tendon stress and strain data were obtained from information from Sandia [9] by testing both 
individual strands and tendon assemblies (including anchor hardware) according to Japanese test 
standards JISG 3536 and JISZ 2241. Engineering stress was calculated from the applied force and the 
initial cross-sectional areas. Elongation was determined from the stroke of the testing machine and 
strain was obtained by averaging the data from strain gages mounted on individual strand wires. It 
should be noted that the strain gage data was not corrected to account for the pitch of the wires in the 
strand which could, based on experience, affect the accuracy of the strain readings by as much as 20%, 
depending on the skill of the installer. Based on these observations, the most appropriate data to use 
directly in finite element representation of the tendons is the tendon system load versus elongation data 
provided in the PCCV Material Property Report [R-SN-P-0041. The load cell data was then divided by 
the nominal area (3.393 cm*) to get engineering stress. Young’s Modulus was set equal to 195,200 MPa. 

Six sets of liner stress-strain measurements were provided by Sandia: three for the hoop direction and 
three for the vertical direction. Since the differences in the hoop and vertical properties were too small 
to warrant the added complexities of using an anisotropic plasticity model, the data was averaged. 
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G = 0.4 Go g (era&), (3-l) 

Where G = G(E) is the incremental shear modulus across an open crack, Go is the uncracked shear 
modulus, cfrac is the cracking strain (-loop), E is the normal strain across an open crack, and g is the 
shear retention factor. Since cracks form in the principal strain directions in general, there is no shear 
across a crack when it first opens. However, as the loading continues, even if it is monotonic and 
“proportional”, there is a tendency for shear stress to build up across an open crack. The ANACAP-U 
constitutive model uses an incremental formulation to update the stress, which for shear takes the form 

~n+l = Tn + G(E) AY, (3-2) 

where Ay is the incremental shear strain across an open crack in a load increment from “n” to “n + 1”. 
The shear shedding model reduces this buildup by modifying Eq. (3-2) in the following empirical 
manner 

T,,+I = Tn e-(h’Ess) + G(s)Ay, (3-3) 

where AE is the incremental normal (tensile) strain across an open crack and sss is a shear shedding 
degradation parameter. Note that there is no change in the incremental shear modulus. There is also a 
second parameter that has been included in the Shear Shedding Model, s&s, which represents the normal 
(tensile) strain at which Equation (3-3) will be activated (begins). The shear shedding model, first 
introduced into test versions of ANACAP-U in 1996, has now been successfully calibrated to several 
building structure component tests, and so is judged to be a reasonably reliable improvement over the 
old shear retention model. 

While shear failure prediction for the project is based on the continuum response prediction coupled 
with the rebar strain criteria, it is appropriate to turn to the concrete design/performance literature for a 
check on the final prediction. On the capacity side, criteria can be based on forces or average stresses 
within the section. The most promising stress-based criteria the authors have found for the PCCV is the 
Modified Compression Field Theory developed by Collins & Mitchell [lo]. 

This theory is a refined version of a strut and tie model which provides a rational basis for calculating 
compression strut angles of less than 45 degrees, and, with the “modified” theory, the local resistance of 
concrete in tension between cracks and the effect of aggregate interlock is considered. The difficulty 
with applying force or stress-based theories to the PCCV is that the shear force is indeterminate, i.e., it is 
a function of the pressure, the relative hoop stiffness of the cylinder to the basemat, and the flexural 
stiffness of the cylinder wall. Because of these factors, the shear at the section does not necessarily 
increase monotonically with pressure. The modified compression field theory is invoked herein to check 
for shear failure in the axisymmetric analysis. 

Very little is found in the literature for deformation based criteria which would be useful for FE analysis 
implementation. For the PCCV failure prediction, the primary criteria has been based on strain in the 
shear reinforcement. If strain in the shear reinforcement at the wall-base juncture reaches the failure 
threshold (Section 3.2) this is judged to lead to shear failure of the section. The modified compression 
field theory is retained as a back-up check to the shear formulations in the constitutive model. 
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3.2 Rebar 
The failure criteria used for predicting failure of reinforcement is based on rebar strain, but there are also 
rebar-concrete interaction issues which influence the strain level. 

As described in Chapter 2, the material representation of reinforcement is based on a plastic stress versus 
strain curve, where the strain is analogous to the “elongation” (engineering strain) measured in a direct 
tension test of a rebar specimen. Although this does not consider local strain concentrations between the 
reinforcement “ribs”, bar tension test data from the PCCV project using elongations did not deviate 
substantially from similar tests where strain gages were placed directly on the bars. The other factor to 
consider in reinforcement, however, is the effect of rebar-concrete interaction. This phenomenon is 
known to produce a strain pattern in embedded rebar like that shown in Figure 3-l. A good discussion 
of this phenomena and some measured strain profiles which illustrate it can be found in [lo]. Strains are 
lowest midway between cracks and are highest at the cracks. No simulation of this phenomenon is 
attempted in the smeared crack representation of the PCCV analysis described herein. The phenomenon 
can, however, influence the actual strain level at rebar fracture. The shape of the strain profile in Figure 
3-l is dependent on many factors including 

l Bar diameter 
l Crack spacing 
l Bond characteristics (like aggregate size) 
l Strain level 

With these known trends, but lacking a specific criteria based on tests, a failure criteria for the rebar of 
approximately c failure = 0.05 has been used in the predictive analysis. 

3.3 Tendons 
Since unbonded pre-stressing tendons do not experience bond interaction with concrete as do rebar, the 
tendon failure criteria is strain, without any applied factors. The material stress-strain curve plotted in 
Chapter 2 predicts and simulates tendon fracture and post-fracture behavior in the analysis. 

It should be noted, of course, that tendons can fail in different ways, including failure of strands far from 
the anchorage, failure near the anchorage, failure of the anchorage itself, and failure of the concrete 
surrounding the anchorage. For the pretest predictions it has been assumed that since the stress-strain 
behavior (Chapter 2) is derived from the Force-elongation response of the tendon system, this is the 
correct representation of the tendons up to and including all tendon system failure modes. 

3.4 Liner Failure Criteria 
3.4. I Liner-Away From Welds 
The liner failure criteria is also based on strain, but the strain at failure is influenced by the multi-axiality 
of the stress state and by possible reductions in ductility in the vicinity of welds. If the strain due to the 
strain concentration near a penetration or other stiffness discontinuity exceeds the strain criteria of the 
liner, the liner will tear and leakage will occur. A literature survey conducted by ANATECH in the early 
stages of the 1:6 scale model work [l] resulted in adoption of a liner strain-based failure criteria that 
takes into account the triaxiality of stress when computing the failure strain. This criteria, based on the 
work of Manjoine [ 1 l] and others, has subsequently been used also by Sandia for predicting the ductility 
capacity of liner and other steel plate material subjected to multi-axial stress. The criteria development 
is as follows. The ductility ratio p is defined as 
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where TF is the Davis triaxiality factor. 

TF= 
J;i(o,+o2+q) 

[(crl-02)2+(~2-03)2+(‘33-‘3,)2]1’2 
(3-5) 

ceff is the effective plastic strain predicted from analysis including any concentration factors that may be 
appropriate. cuf is used to denote uniaxial failure strain, which is the standard uniaxial elongation limit 
that is obtained from a coupon test. In the case of the PCCV, this average value is 0.34 for liner material 
uninterrupted by welds. The ductility relationship, Eq. (3-5), has been found to be a reliable 
formulation, particularly for triaxiality factors which occur in containment liners. While Manjoine 
proposed Eq. (3-5) for the range O(TF<5, containment analysts need only be concerned with the range of 
approximately l<TF<2. To make this statement it has been assumed that at stress states of interest, no 
membrane compressive stress exists in the liner and out-of-plane stresses (0s) are small and so have a 
negligible effect on TF. This makes Eq. (3-5) reduce to. 

TF= (01+02) 

(c4--cJp2+cJ;)1’2 
(3-6) 

With this formula it is straightforward to calculate ductility ratios at various liner stress states. For 
example, for uniaxial tension, (32=0, TF=l , and ductility ratio=1 . For or=cr2 (for example the 
approximate stress condition in the containment dome), TF=2, ductility ratio =0.5, which means that the 
liner will tear at an effective plastic strain of only half the uniaxial failure strain. 

3.4.2 Liner Near Welds 
Based on NUPEC testing of dog-bone shaped specimens with and without welds [9] and based on 
qualitative observations form other welded steel plate tests, there is evidence to support a reduction in 
ductility of liner plate material near welds. The testing in [9] was done to verify that the repairs of welds 
in the PCCV model that were not meeting radiography specifications would reach strengths equivalent to 
the virgin material. Fortuitously, these tests also provide some information on how, and at what 
elongation, the liner may fail near a weld. 

Based on test standard JIS-Z-2201, which was used for defining liner plate test specimens (Test Piece 
No. 5 13a, or 13b), the Gauge Length, L, over which the elongation is measured is 50 mm. Based on the 
supplementary liner welding test documentation (Document #MH-K9-41) the coupon specimens for the 
liner weld tests were identical to those for the virgin material. The tests also recorded where the 
fractures occurred. In 2/3 of the cases, the fractures were in the virgin parent metal; in the rest of the 
cases it occurred partly in the heat affected zone (HAZ) and partly in the parent metal. 

Based on the liner reweld test data the following conclusions were drawn and actions taken: 

(1) There is a small (10% or less) reduction in the apparent yield strength of a welded 
specimen versus a virgin specimen. This is probably due to a reduction in yield 
strength of the material in the heat effected zone (HAZ). Because liner failure is 
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strain-controlled not strength-controlled and because of the complexities of 
incorporating this into a finite element model, it was decided to ignore this effect in 
the pretest prediction analysis. 

(2) There is very little effect on the ultimate strength of welded specimens versus virgin 
specimens. 

(3) There is no consistent trend in the elongation or strength measurements that 
delineates the as-welded versus repaired specimens; nor is there any consistent trend 
differentiating the behavior of specimens with or without backing bars. 

(4) The measured elongations are consistently, significantly lower for welded 
specimens than for unwelded specimens. 

Part of observation #4 is probably due to gage length effects, since the weld material undergoes little or 
no plastic deformation. While this gage length effect is difficult to quantify, it is approximately 
addressed in the failure criteria as follows. A ductility reduction is incorporated into the liner failure 
criteria at locations where a weld is located by a general reduction in elongation at fracture, with a small 
correction factor for gage length effects of the welded specimens as follows: 

= KWEfaiure 
(3-7) 

where cfFp e w is the effective plastic strain assumed sufficient to cause a fracture where a seam weld of 

the liner is located. Welds of stiffeners or anchors onto the liner are assumed to have lesser effect on 
liner ductility than the full penetration seam welds and so will be ignored. 

1 
(Elong.of welded specimens) / (Avg.Elong. of unweldedspecimens)l 

1 

where L = liner test specimen gage length (50 mm) 

w = root gap of weld 

Averaging the data from the re-weld specimens and using 0.34 as the unwelded specimen average 
elongation gives: 

K, = 0.60 

Therefore, a 40% reduction in failure strain is applied in the failure prediction where high strain 
concentrations occur at a location coincident with a seam weld. 
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4.0 GLOBAL AXISYMMETRIC ANALYSIS 

4.1 Hand Calculations 
The first step in the analytical predictions was to compute the approximate response behavior in order to 
establish the load stepping strategy for nonlinear finite element analysis. A summary of the major 
milestones predicted by hand calculation are listed below. These calculations are based on an infinite 
cylinder with concrete, reinforcement, and prestressing geometry and properties of the PCCV model. 

Pressure at which the cylinder stress overcomes prestress, P, = 0.422 MPa (61.2 psig) 
Cylinder hoop cracking pressure, Phc = 0.598 MPa (86.7 psig) 
Pressure at rebar yield, P, = 1.05 MPa (152 psig) 
Ultimate cylinder failure based on 5% uniform hoop strain, Putt = 1.58 MPa or 4.0 Pd (229 psig) 

4.2 Prestressing Loss Assumntions 
Prestressing losses must be estimated to accurately represent the actual stresses that will exist in the 
model at the time of testing. In general, the philosophy used in applying initial tendon stress was as 
follows: 1) calculate best estimate “test-time” values based on the nominal values targeted by the 
designers a& modified for creep or any other in situ conditions that may not have been anticipated by 
the designers; 2) apply tendon stresses according to best estimate values, and allow the model to 
equilibrate to final tendon stresses that are reasonably close to these best estimate values, including 
anchor slip. In the axisymmetric analysis, there is no opportunity to model friction along the tendon path 
in the hoop tendons, but there is the opportunity to model this in the meridional tendons. 

A consideration of losses was conducted prior to setting up the analysis. Standard prestressing losses, 
from Reference [lo], along with a brief explanation of the basis for their consideration are listed below: 

(I) Elastic Shortening - Considered in the finite element analysis. 
(2) Creep of Steel - Considered by designers calculating the “nominal target” values. 
(3) Shrinkage of Concrete - Considered only in combination with creep. 
(4) Creep of Concrete - A small value of creep was included by designers; a larger 

value was observed in ancillary test measurements, so this was used in the analysis. 
(5) Anchor Slip - Considered explicitly in local analysis; Not relevant for axisymmetric. 
(6) Angular Friction - Considered explicitly in local analysis hoop tendons, and in 

global axisymmetric analysis meridional tendons in dome. 
(7) Temperature - Not considered. 

Therefore, the three types of losses given specific modeling consideration are elastic shortening, 
anchorage slip, and angular friction. These modeling considerations are described below. 

Elastic Shortening. In post-tensioning, the amount and distribution of elastic shortening depends upon 
the order of post-tensioning. From the post-tensioning schedules, it has been assumed that the tendons 
are jacked in a sequence appropriate to reacting the total desired lock-off force. In the ABAQUS 
analyses, an option called “PRESTRESS HOLD” allows an initial post-tensioning equilibrium step that 
holds the, tendon stresses at a preset value while the structure iterates to equilibrium and thus maintains a 
constant stress regardless of elastic shortening. By using the “PRESTRESS HOLD” option, elastic 
shortening losses are only addressed in the analysis to the extent that they were considered in the design 
calculations. This procedure was used for the hoop tendons, with the prestress hold value corresponding 
to the designer’s target values listed in Table 4-l. 

R-20 



Anchorage loss (lock-off slip). The assumption for these losses comes from hand calculations and from 
the specifications that the coefficient of tendon friction is equal to 0.21. Anchorage loss calculations by 
the designers are summarized in Figure 4- 1. 

Angular Friction. From standard prestressed concrete texts [ 161, the angular friction was included in the 
curved tendon portions with the formula: (Wobble friction and friction in straight portions of meridional 
tendons in the barrel below the springline was neglected). 

T2 = Tre-@a) 

where a is the angle between Tl and T2, and p is the coefficient of static angular friction. Tl is the 

tendon force next to a jack before friction losses, and T2 is the tendon force at some angle a away. A 
summary of these calculations and input to the preliminary analytical models is given in Table 4-l. 

Table 4-l. Initial and Final Tendon Stresses After Losses (in MPa) from Design Package 

Target prestress force from 

Group 1 

453 kN (101.9k) 

Hoop Tendons 
Group 2 
453kN (101.9k) 

Meridional Tendons 

503 kN (113.lk) 
drawings* 
Initial prestress without loss 1,337MPa (193.9 ksi) 1337MPa (193.9 ksi) 
after anchoring (MPa) 
After additional loss assumed 1268 MPa (183.9 ksi) 1268 MPa (183.9 ksi) 
due to creep 
Prestress with friction loss 797 MPa(115.6 ksi) 1109 MPa(160.8 ksi) 
(MPa) at 135’ azimuth 
Stress at anchor after anchor 1122 MPa (162.7 ksi)** 1122 MPa (162.7 ksi)** 
set 
Target stress at anchor for 7, 11 

F.E. models 

* Includes designer’s calculations of relaxation and concrete shrinkage 
** Not needed for axisymmetric analysis 

Meridional Tendon Stresses and Losses 

Dome angle (deg) measured from springline 0” 15” 30” 

Target prestress after all losses (MPa) 1,334 1,365 1,236 

Stress in analytical model after prestress (MPa) 1,342 1,269 1,220 

4.3 New Tendon Friction Modeling Approach 
4.3. I Tendon Friction Loss Representation 

1483 MPa (2.15.0 ksi) 

1414 MPa (205.0 ksi) 

location dependent see below 

1318 MPa(191.1 ksi) 

1341 MPa (194.5 ksi) 

45” 90” 

1,170 977 

1,139 962 

Because of the importance of the tendon stress levels, a methodology was devised to more accurately 
represent the tendon sliding friction behavior. Since rebar representation of the prestressing tendons 
does not account for sliding between the tendon and the concrete, the meridional tendons of the 
axisymmetric analysis were modeled as truss elements (as were all tendons of the local models described 
in later chapters). Initial attempts to model the sliding friction explicitly as a contact surface in 
ABAQUS gave unsatisfactory numerical stability. Therefore, the following approach was adopted. 

A two-node tendon truss element was included for each row of concrete elements along the tendon path. 
The resulting grid has a 1:l ratio of concrete nodes to tendon nodes along the tendon. The concrete 
nodes were placed at the inside face of the tendon duct. The analogous tendon nodes were placed at the 
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center of the tendon duct. To account for the tendon friction along curved surfaces, tendon nodes were 
offset from concrete nodes along the tendon path so that the angle between each concrete node and 
tendon node was equal to the angle of friction. A graphical representation of this modeling technique is 
shown in Figure 4-2. The representation in the local models was similar. As shown in the figure, the 
friction coefficient used was p = 0.21. The friction force accumulates in the truss elements between the 
concrete and the tendon. The calculations performed using this modeling technique use small 
displacement theory so that the friction angle remains constant throughout the analysis. Tendon friction 
is assumed to be negligible over straight surfaces, so the friction angle is set to zero along straight 
sections. 

4.3.2 Tendon Prestress Application at Boundaries 
Prestress could not be applied as an initial condition when using this modeling approach because the 
preset friction angle assumes the force comes from the jacking direction. Therefore, a method was 
devised to pull the end of the tendon at the jacking location and cause the reaction force to be imparted 
into the concrete at the tie down. This makes the analytical application of prestress completely 
analogous to the physical application. The prestress was applied using an extra, elastic, two-node truss 
element at the jacking location. One end of this “jacking” element was connected to the end of the 
tendon, and the other was mathematically constrained to the concrete nodes in the tie down region. In 
the first analysis step, the jacking element was loaded with a prestress that produced enough strain to 
stretch the entire tendon to the target level of prestress. The approximate relationship between the 
prestress in the jacking element and the prestress in the tendon is given as: 

oj = crt * (lt/lj) + jacking and anchoring losses 

oj = Prestress applied to jacking element 
crt = Prestress transmitted to tendon 
lt = effective tendon length 
lj = length of jacking element 

Since the effective tendon length over a curved surface is difficult to calculate, the appropriate jacking 
prestress was arrived at through iteration. Jacking elements were modeled 3 lmm long so the ratio lt/lj 
was large. To accommodate the large stress and strain, the jacking elements were modeled with elastic 
material properties. The prestress and strain in the jacking elements are large and are not meant to 
represent physical values. All that is important is that after reaching equilibrium in the prestress load 
step, the end of the tendon is loaded with the appropriate design stress, after losses. 

The ends of the tendons opposite the direction of force are mathematically connected to the concrete 
nodes through the wall thickness. As a result, the tendon force is transmitted as an appropriate stress at 
the boundary locations, which simulates the tendon anchor plate reacting against the concrete. 

4.4 Computational Grid 
4.4.1 Element Layout 
The axisymmetric model is illustrated in Figure 4-3. The grid has 12 elements through the wall near the 
basemat, and 10 elements through the wall elsewhere. The concrete and liner were represented with 8- 
node quadrilaterals (ABAQUS CAXSR) and 3-node axisymmetric shells, respectively. 

The reinforcement in the structure was represented with ABAQUS rebar subelements as shown in 
Figure 4-3. These subelement stiffnesses are overlaid onto their parent concrete elements in which they 
reside, but they do not have separate degrees of freedom, and so have strain compatibility with the 
concrete. The rebar stress-strain behavior is evaluated separately from the concrete, however. Also 
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added as rebar subelements is the steel associated with the “tendon sheath support frame”. This frame 
adds the equivalent of the following to the structure: 

- 7 hoops of areas 2.79 cm2 to cylinder 
- 35 verticals of areas 4.61 cm2 to cylinder 
- extra p=O.O018 to dome (reinf. ratio) 

The bottom of the model is supported by nonlinear contact springs. These springs have “zero” resistance 
to uplift and have compression stiffness based on the elastic stiffness of the concrete mudmat. The 
stiffness of the subgrade was not considered in the analysis. 

The total number of elements used in the revised model is 2009. The vertical tendon is modeled with 
144 two-node truss elements and 36 two-node axisymmetric shell elements. Axisymmetric shells were 
used to represent the tendons in the dome above a dome angle of 45” to accommodate the “smeared” 
hoop and vertical components of the hairpin tendons in the dome. This modeling approach is reasonable 
because above 45”, the tendons are all vertical (no hoop) and at the 135’ azimuth they all intersect the 
model plane at f 45”. This avoided the difficulties of terminating the truss elements at the dome apex 
with finite cross-section area but zero radius. 

The liner is constructed of quadratic shell elements and 3 node quadratic beam elements for the liner 
anchors. The thickness of the liner elements is 1.6 mm (0.063”) as specified in the structural drawings. 
The cross-section of the T-shaped liner anchor beams is computed in such a way that the thickness of the 
web and the width of the flange are scaled by the total number of T-anchors in the circumferential 
direction, namely by 225 from elevation -25 mm (0.98”) to elevation 712.4 mm (28.05”) and by 75 for 
the rest of the T-anchor beams. 

The concrete in the PCCV is made of two different materials as shown in Figure 4-3. One is the high 
strength concrete that is used for the dome, the cylinder, and part of the basemat around the tendon 
gallery. The other is the concrete in the remainder of the basemat, part of which is poured after 
prestressing. 

4.5 Global Axisvmmetric Analysis Results 
Pressure load was applied to interior model surfaces over 161 increments. As is normally the case for 
concrete containment analysis, the ABAQUS feature “DIRECT=NOSTOP” was used with five iterations 
per load step. The five iterations insure that materials in the plastic range stay on a yield surface, but the 
“NOSTOP” parameter allows advancement of the solution before achieving full force convergence, 
which is difficult to achieve after extensive cracking occurs. Instead of achieving force convergence, 
displacement convergence is used to ensure the quality of the solution. 

Results of the axisymmetric analysis are plotted in Figures 4-4 through 4-8. The first figures show shear 
and moment diagrams at the wall-base at various pressures. The deformed shapes for four different 
pressure loads are shown in Figure 4-5. Standard displacement and strain versus pressure history plots 
are not included here due to space limitations (they are included in the standard output plots). 

Observations on strain behavior are described below. Hoop liner strains are maximum at the wall- 
midheight. Meridional liner strains are maximum at the wall-base. Strain response in the dome is 
consistently lower than the cylinder, thus indicating very minimal damage to the dome during the test. 
The most important observation to make is that wall-midheight hoop liner strain reaches 2% (a threshold 
to be discussed later) at nearly the same pressure (3.7 versus 3.9 Pd) as wall-base meridional liner strain. 
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This suggests the existence of two closely competing failure mechanisms, which require close evaluation 
to determine which will occur first. Strain distributions plotted onto the deformed model shape are 
shown in Figures 4-6 through 4-8. The strain contours are maximum and minimum principal strains, 
which show the general locations and levels of damage predicted to occur. It should also be noted that 
since the liner and rebar have strain compatibility with the concrete mesh, the strain contour plots are 
also indicative of rebar strains. 

4.6 Potential Failure Modes Evidenced From Global Axisvmmetric Analysis 
The axisymmetric analysis described in this chapter provides a set of predictions which can eventually 
be compared to strain and displacement gage readings that will be measured in the test, thereby 
evaluating the adequacy of the analytical method. The focus of the axisymmetric analysis, however, was 
also to gain insight into potential failure mechanisms listed in Table 2-1, and to add failure scenarios to 
that list. The various failure scenarios are discussed below vis-a-vis the global analysis model results 
and experience from other containment pressure tests. 

(1) Tendon Rupture: The straining of the hoop tendons (and rebar) at the mid-height of the barrel to 
their ductility limits was the final limit state in the global axisymmetric analyses. General tendon 
rupture is predicted at approximately 4 x Pd. 

(2) Other Loss-of-Prestress Failures: The chance of tendon slippage or other anchorage failure is 
presumed minimized by design and by verification from NUPEC’s ancillary tests. Local damage under 
the tendon bearing plates is possible, however. A significant path of shear cracking develops in the 
basemat passing inward and upward from the meridional tendon anchorage, but strains are not predicted 
to be severe enough to lead to failure in the basemat. Bursting of the anchorage zones in the buttress 
have not been thoroughly investigated. 

(3) Simultaneous Shear Failure and Rupture of Reinforcement at Shear Cracks: Failure of reinforcement 
crossing major shear cracks is the trigger for shear failure. The possibility of local rebar failure exists 
wherever large rebar strains in excess of the failure criteria are predicted in the analysis. Shear 
reinforcement do exhibit relatively large strains at the wall-basemat juncture. This is evaluated in more 
detail in the next subchapter. 

(4) Loss of Pressure ,Due to Liner Tearing and Leakage: This is considered to be the most likely failure 
mode. Based on observations from other tests, reaching global liner strains in the PCCV model beyond 
approximately 2% is judged to be very unlikely. Strain concentrations at local discontinuities include 
liner thickness changes, stiffener terminations, and bending points near penetrations. The liner’s 
vulnerability is further amplified by the fact that it experiences highly biaxial stress. Under such 
conditions, its ductility (or observed engineering strain at fracture) can be reduced by a factor of 2 or 
more. Based on this qualitative evidence, failure of the test model is predicted to occur due to liner 
tearing and leakage at global (far-field) strains of no larger than 2%. Without examining local model 
results, this places the failure pressure at no larger than 3.7 x P d. The more detailed analyses of the local 
models refine this estimate and predict more precisely where the most likely failure location will be. 

4.7 Wall-Base Juncture Shear Failure Conclusions 
Zones of potential shear problems in a concrete structure are generally indicated by cracks, especially 
cracks inclined to the direction of flexure or primary tension. Figure 4-9 shows cracking patterns at 
pressure of 3.0 times design pressure. The crack symbols occur at each integration point that is cracked 
and they show the crack orientation. Lines are drawn in the crack zones to demonstrate the estimation of 
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actual cracks that can be made based on the crack symbols and on the assumption that crack spacing will 
coincide generally with rebar spacing. 

In preliminary axisymmetric analyses a wall-base shear modeling study was conducted as follows: 

(1) A refined mesh in the wall-base region was developed. 
(2) The strain field and failure potential near the wall-base was evaluated with different 

constitutive modeling approaches to modeling shear: 
- with the “standard” shear retention concrete model; 
- with a more recently developed concrete model with “shear shedding.” 

(3) Differences in failure mode at this location versus other locations were considered: 
- perhaps shear failure of the concrete section increases the local liner strain and 

causes a small tear and leakage; 
- perhaps a brief crack pressurization causes a more energetic failure. 

(4) A brief mesh-size sensitivity was conducted. 

In the preliminary analysis crack pressurization was an additional consideration, believed possible where 
a crack might exist but a leak path through the containment wall might not exist. In this event, it was 
postulated that crack pressurization could cause a rapid failure that could lead to a rupture that is much 
larger than that observed in other concrete test models. 

Plotted results of the wall-basemat shear study are not included herein because there was little 
discernable difference between the failure behavior of the standard and “shear shedding” concrete 
models in the PCCV wall-basemat analyses. Secondly, the parameter studies did not show any 
acceleration of failure due to crack pressurization. To address questions of mesh-size sensitivity 
preliminary analyses used a local axisymmetric model with different element mesh sizes in the wall- 
basemat region. The mesh size study showed little difference in the computed response of the wall or in 
the liner strains, but some noticeable differences in the crushing strains at the outer wall surface were 
observed, so the grid with additional refinement was incorporated into the final global axisymmetric 
model. The final global axisymmetric model with twelve elements through the wall thickness in the 
region near the basemat was used to examine the potential shear failure mode near the bottom of the 
wall. 

In the actual structure a large crack is predicted to form at the wall-base juncture re-entrant comer as 
sketched in Figure 4-10. This crack will allow the bottom edge of the vertical liner anchor to rotate with 
the wall concrete while the “I” shape that the vertical liner is anchored to 25 mm below the juncture will 
essentially move with the basemat. Shear damage is associated with large shear distortions of the entire 
wall-base section and large strains in the reinforcement crossing the shear plane. Shear failure of the 
wall-section was not predicted to occur, based on the strains observed in the wall-base juncture region 
and on the rebar failure criteria. 

~ 
In order to further quantify the shear conditions in the wall-base juncture region and double-check the 
finite element prediction of “non-failure” a comparison to the Modified Compression Field Theory [ 161 
was conducted. The Modified Compression Field Theory evaluation provides a “capacity” check. A 
hand analysis was conducted for a two-degree segment of the PCCV at a given principal tensile strain. 
Going through the 15 step procedure outlined in [lo] produced a shear force of 77.2 kips (343 kN) at a 
diagonal shear crack angle of 30” and an axial force of N-258 kips (1148 kN). 
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This is close to the modified section axial load of 232 kips (an equivalent axial load which has the same 
tensile strain at mid-depth as found from the combined flexure and tension, as suggested in [lo]), 
indicating that the assumed crack angle of 30 degrees is slightly off. At this point an iteration to the 
above process is conducted by changing the assumed crack angle in Step 2 and checking the modified 
section axial load, until the desired convergence is reached. In a computer analysis of the section using 
the 15 step procedure the shear capacity and diagonal crack angle, at this principal tensile strain, were 
found to be 78.3 kips and 29.9 degrees compared to 77.2 kips and 30 degrees found by hand. For the 
full 360 degree PCCV these results are multiplied by 360/2, which gives shear capacities of 13896 kips 
(6.18E4 kN) and 14094 kips (6.27E4 kN) for the hand and computer analyses. 

This process was conducted at increasing principal tensile strains, with a constant axial load (modified to 
account for the flexure at the section) until the ultimate shear capacity was found. For each pressure 
step, the tension load was found and the corresponding moment was determined using Figure 4-4 at the 
point of maximum shear demand just above the base of the wall. A comparison between the ultimate 
shear capacity from the Modified Compression Field Theory and the demand from the global 
axisymmetric model is presented in Figure 4-l 1, indicating that the PCCV has reserve shear strength 
within the range of pressure loads applied. 

Later chapters will show that a liner tear near a penetration has a high probability of occurring between 
3.2 Pd and 3.5 Pd. Based on this and the results in this section, a liner tear at the wall-base juncture can 
be postulated, but it is judged to have a very low probability of occurrence because it would occur at 
much higher pressure than at other locations. 

The axisymmetric analyses showed extensive spalling on the outer, lower edge of the containment wall 
and extensive cracking associated with shear and ffexure. The analysis did not predict a shear failure at 
less than 4.0 P& but it did predict large flexure and shear deformations in the inner half of the wall and 
local strains of up to 3% across part of the section. A general decrease in total shear force through the 
wall-base was observed at pressures larger than 2.5 Pd. This shows that the concrete becomes heavily 
damaged at this pressure and that the concrete contribution to the total shear is declining at pressures 
beyond the 2.5 Pd pressure. The shear reinforcement is still predicted to have reserve capacity so a liner 
tear at a penetration is judged to precede a shear failure or liner tear at the wall-base juncture. 
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5.0 3DCM MODEL ANALYSIS 

5.1 Model Geometry 
The three-dimensional cylinder midheight (3DCM) model is a 360 degree representation of a portion of 
the PCCV cylinder, that extends from Elev. 4.67m to Elev. 7.62m. For modeling convenience, the 
centerline elevations of the Equipment Hatch (E/I-I) and the Personnel Airlock (A/L) were assumed to be 
the same (this only required a few centimeters upward and downward adjustment of these centerlines 
from their true location). The E/H and A/L, therefore, were modeled in vertical half symmetry. The 
Mainsteam Group also was moved, though a little further (28 cm) so that it, too, could be represented in 
half symmetry. Both buttresses were modeled. The liner was explicitly modeled with shell elements, 
and liner anchors were modeled with beam elements. Rebar was modeled one-for-one with the rebar 
subelement modeling strategy described in earlier chapters. The liner grid density was not as fine as for 
the individual local models, so the 3DCM model was not used to predict “peak” local liner strains. The 
grid was considered fine enough to represent the stiffness and yielding behavior of the liner in order to 
predict reliable displacement versus pressure histories at the boundaries of local models. 

The primary objectives of the 3DCM model were to provide: 

(1) a 3-D prediction of the radial displacement at the midheight of the cylinder; 
(2) prediction of complete tendon stress profiles for critical hoop tendons throughout 

the test pressure history; 
(3) accurate displacement and “far-field” strain versus pressure prediction for applying 

boundary conditions to and ranking the peak liner strains of local penetration 
studies. 

The 3DCM model allowed correlation of the response of the local models to the pressure on the basis of 
the deformations experienced at the boundaries of the local models. The region represented by the 
3DCM model is shomn in Figure 5-1. The finite element model is shown in Figure 5-2. The model 
consists of S-node brick ‘elements, four through the wall thickness, 4-node shell elements for the liner, 
truss elements for tendons and friction ties, subelements for rebar, and 4-node shell elements for the 
hatch covers. The material properties used are the same as for the global axisymmetric analysis. 

The prestressing tendons in the 3DCM model use the same friction modeling strategy as in the local 
penetration models and as in the dome of the axisymmetric analysis (Chapter 4). The tendon layout is 
illustrated in Figure 5-2. The hoop tendons are modeled “two-for-one” due to reduce grid size, but the 
meridional tendons are modeled “one-for-one”. Chapter 4 covers the tendon friction modeling. 

The reinforcement in the model is represented with ABAQUS subelements. These are generated in 
space using the ANAGEN program and plotted as shown, for example, in Figure 5-3. The actual rebar 
represented in the model is the rebar found by the model generator that intersects the concrete brick 
element boundaries. Thus rebar shown on Figures 5-3 that falls outside of the concrete boundaries does 
not become part of the finite element mesh. In addition to the bars shown, all through-thickness wall ties 
are included in all portions of the wall. The added stiffness provided by the “tendon sheath support 
frame” was also represented by adding rebar of area equivalent to the support frame at the locations of 
the support frame members. In the hoop direction the frame adds 3 hooFs of area 2.8 cm2 each to the 
model, and in the meridional direction it adds 35 verticals of area 4.61 cm each to the model. 
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5.2 Boundary Conditions 
For any partial model of a pressure vessel, application of the boundary conditions is difficult. The 
boundary condition assumptions applied to the 3DCM are shown in Figure 5-4. The philosophy used 
was to simulate the actual force conditions as closely as possible and apply the minimum of 
displacement constraints needed to prevent rigid body motion. The conditions applied are listed below. 

(1) Apply internal pressure on all interior surfaces (including hatch covers). 
(2) Apply vertical stress oZ on the top “cut” surface. 
(3) Apply 8, = 0 at the top surface (i.e. zero rotation about tangential axis.) 
(4) Constrain AZ = 0 at all nodes on the bottom surface. 
(5) At only 3 nodes, near the mid-height of the 3DCM model (Elev. 6.823 m) constrain 

Aa (tangential displacement) = 0. Do not apply any radial constraints. 

The AZ = 0 condition is a convenience that is needed to successfully execute the vertical prestressing 
step. This, of course, imposes 80 = 0 around the bottom of the model. 80 = 0 at the top and bottom is 
substantiated by behavior observed in the global axisymmetric analysis. At the top and bottom 
boundaries of the 3DCM model, the global analysis results show nearly zero slope. This is logical at the 
PCCV cylinder mid-height because of being equi-distant from the dome and the basemat. The top of the 
3DCM model appears to also be a point of nearly zero slope before the wall deformation curves back 
inward toward the dome springline discontinuity. Though these zero-slope conditions are only 
approximate, they are numerically convenient and they help provide numerical stabilization of the edges 
of the 3DCM model. The displacements that are allowed to move freely are more important to the 
behavior prediction of interest, namely, radial displacement and, at the top boundary, vertical 
displacement. It should be noted that the top boundary is free to move vertically so the model will 
capture vertical extension or contraction variation with azimuth. 

The horizontal displacement boundary conditions constrain only three degrees of freedom, the minimum 
possible to prevent rigid body motion of the model in the R-8 plane. The constraints are tangential only 
and the points are at the two buttresses and at the 180” azimuth. The buttresses are believed to provide 
tangential stiffness (beam action) so these points will probably have nearly zero tangential displacement 
in the actual structure. The 0” point also should move only radially due to the symmetry of this side of 
the wall centered around the M/S group. The 180” point, on the other hand, may move some 
tangentially, as the model deforms, due to the asymmetry of the E/H versus the P/A. 

5.3 Tendon Prestressing 
The methodology for prestressing is analogous to that described in Chapter 4 for the axisymmetric 
model meridional tendons. The target initial stresses, set by the designers, were shown in Figure 4-l. 
Also shown are comparisons to what these values would be estimated to be in a full scale prototype. 
The designers’ primary goal in scaling the prestressing system was to match the overall level of prestress, 
but the figure shows some of the difficulties in scaling the effects of anchor set and other friction losses. 
The initial stresses applied to tendons were calculated with a similar procedure as described for the 
axisymmetric model. At hoop anchorages, the design stress after lock-off (xxx MPa) was applied 
uniformly. It should be noted, that because the model and tendons deform during prestress equilibration, 
the anchor stress application requires several trial iterations to achieve the desired anchor stress at all 
tendons at the end of the prestress loading step. The vertical tendon stresses were applied to the tendon 
element “tails” at the bottom of the model. The target stress for vertical tendons away from penetrations 
was the design stress (friction along straight tendon segments was ignored). The target stress for tendons 
with any path deviation caused by penetrations was reduced from the design stress by the angular friction 
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loss encountered between the base of the PCCV wall (Elev. 0) and the base of the 3DCM model. This 
theoretical loss along portions “outside” of the 3DCM model was calculated by hand. 

5.4 Tendon Anchor Set Loss Sensitivitv Study 
In the early stages of development of the 3DCM Model, the hoop tendon friction modeling was made 
uniform around the circumference of the cylinder. This leads to continuous angular friction losses 
extending from the buttress all around the circumference, but it ignores the anchor setting losses. After 
obtaining preliminary results without setting losses a modeling strategy was introduced to simulate the 
setting losses by reversing the orientation of the friction tie elements along the portion of the tendon path 
that friction theory would predict to be influenced by setting losses. This anchor set modeling strategy is 
illustrated in Figure 5-5. As illustrated later in this chapter, the introduction of these losses had a 
profound influence on the three-dimensional deformation behavior of the cylinder, particularly on the 
azimuthal distribution of radial displacement. To demonstrate why this might occur, the setting loss 
concepts are further illustrated in Figure 5-6. This figure shows that the zone of influence of setting 
losses is a full 45” from each tendon end. With 360” tendons jacked from both ends this is a total zone 
of influence of 180”, or half of the circumference! By comparison in Figure 4-1, this is about double the 
zone of influence that would be found in a full scale prototype, and the total amount of loss (in terms of 
stress) is more than 4 times that of the prototype! For the Scale Model this is due to the following: 

(1) Setting losses act over a certain length of tendon; since the 1:4 Scale PCCV tendons 
use similar jacking hardware to the full scale, the length over which setting losses 
act is similar, not scaled; in a 1:4 Scale model, this length covers a much larger 
azimuth. 

(2) Ancillary tests of the 1:4 Scale PCCV tendons demonstrate an angular friction 
coefficient of p=O.2 1, which is 30% to 50% larger than what commonly is found for 
full scale prototypes. This makes the total loss (in terms of stress) larger and 
exacerbates the influence of the setting losses on the model behavior. 

Based on these observations and on the large influence observed from the first setting loss model, a 
parameter study was conducted to evaluate the sensitivity of the setting losses on behavior. The 
following cases with setting loss assumptions illustrated in Figure 5-6, were analyzed. 

- Case 1: designer’s talc for 1:4 Scale PCCV, 10” to tangency + 35”, total of 45” 
influence zone 

- Case 2: prototypical setting loss, 10” to tangency +15”, total of 25” influence zone 
- Case 3 : small losses, 10” to tangency + 5”, total of 15” influence zone 
- Case 4: No setting losses 

It should be noted that the prestress loss calculations that correspond to the figure were shown in Figure 
4-l. The results of the sensitivity study are best summarized by comparing the displacement patterns in 
the deformed shape plots of Figure 5-7. The plots support the following observations: 

l At pressures higher than the tendon yield pressure, the cylinder response tends to be 
“bi-modal”, because of the influence of the buttresses and/or the setting losses; 

l The case with no losses and Case 3 show the largest displacements occurring at 0” 
and 180”, while Case 1 shows the largest displacements occurring at 90” and 270”; 

l Case 2 shows the most uniform distribution of radial displacement; 
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l The “mode” of expansion of the cylinder has a major effect on the response and on the 
failure prediction. 

These results were examined in great detail by ANATECH and Sandia and it was concluded that, given 
the large friction coefficient @=0.21), the setting loss assumption could produce the large variations in 
radial response demonstrated by the analysis. It was also observed, however, that the setting losses, 
usually expressed in length of slip (in mm), used by the designers was probably a conservative upper 
bound. The anchor slip assumed by the designers was 5mm. Most anchor slips measured in ancillary 
tests conducted by NUPEC were in the rage of 3 to 3.5mm. It has also been noted from construction 
experience that slip can be further minimized during jacking by removing the jacking load slowly. In 
this fashion, it is believed that anchor slip could be reduced to as low as 1 to 2mm during construction. 
While NUPEC’s official specification remains a not-to-exceed value of 5mm, since the anchor slip of 
Case 2 corresponds to the equivalent azimuth zone of influence of a full scale prototype, and since there 
is evidence that 2mm slip can be achieved in the model, it was decided to use Case 2 as the basis for the 
pretest prediction analysis. At a later date, perhaps just prior to pressure testing, an additional analysis 
may be run with an initial tendon stress distribution based on actual measurements after prestressing. 

The stress contours in all of the tendons at the end of the prestressing step (for the “Case 2” assumption) 
are shown in Figure 5-8. After prestressing, pressure was applied to the model up to 3.8x the design 
pressure (3.8 P,$. The deformed shapes at Prestress, 2.0 Pd, 3.0 Pd, and 3.5 Pd are shown in Figure 5-9. 
The radial displacements versus pressure are then shown in Figure 5-10. The most prominent 
observations of the displacement response are as follows: 

(1) At prestress, the 0” and 180” points move inward more than the buttresses; 
(2) By 3.0 Pd, the 0” and 180” points deform outward much more than the buttresses; 
(3) The model deforms radially out more at 4.6752m (cylinder midheight) than at 

8.9567m, which is the same trend as in the axisymmetric model; 
(4) The largest hoop expansion occurs at the Equipment Hatch, and the “free-field 

displacement” (displacement at 0” and 180”) are slightly less and are approximately 
equal to each other; 

(5) At pressures greater than 3.0 Pd the radial displacements at 135” (and elsewhere) 
become significantly larger in the 3DCM than in the axisymmetric analysis. Below 
3.0 Pd, the axisymmetric analysis agrees well with the 135” azimuth of the 3DCM. 

The stress and strain in the hoop tendons of the 3DCM model is shown in Figure 5-l 1 for pressure = 3.5 
x Pd. The plot shows how tendon yielding starts first at the lower most tendons near the equipment 
hatch. By 3.5 Pd, strains exceed 5%, which causes a tendon rupture. In the actual test, propagation of a 
rupture might occur very quickly along the tendon’s entire length; in the finite element analysis, 
however, convergence difficulties caused a much slower progression of the rupture. 

Other response measures and indicators of damage are strain contours shown in deformed shape 
perspective views in Figure 5-12. These plots show the elevated strains associated with the following: 

(1) Local circumferential bending adjacent to each buttress; 
(2) Strain concentrations at terminations or step-downs in rebar patterns; 
(3) Strain concentrations near hatches or near the edges of wall embossments. 

One of the key objectives of the 3DCM model was to predict the stress and strain behavior in cylinder 
hoop tendons. Three of the most critical tendons are instrumented: # H35, H53, and H68. Figure 5-13 
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shows the predicted stresses all along one of these tendons at 6 pressure milestones. This plot shows the 
effectiveness of the friction modeling strategy, the effects of reaching yield over a small portion of the 
tendon and the occurrence of a rupture. Tendon stress and force histories at specific standard output 
locations are not shown, but are included in Sandia’s standard output location plots. 

* 
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6.0 LOCAL PENETRATION MODEL ANALYSIS 

6.1 Characterization of Liner Anchor Behavior 
Several 3D models were generated to analyze the penetration areas, including the Equipment Hatch, 
Personnel Airlock, and Main Steam regions. A detail common to each model is the interaction between 
the T-anchors and the surrounding concrete. The T-anchors and concrete move together in the radial 
direction during pressurization but the liner can “slide” along the liner concrete interaction surfaces in 
the tangential direction. This relative sliding is resisted by the T-anchors. Nonlinear behavior occurs in 
the vicinity of the anchors as the concrete is crushed and the liner and the T-anchors are strained 
plastically. A detailed model of a single Liner Anchor was used to analyze this relationship and its 
results were used to generate the nonlinear force-deflection characteristics for use in the 3D penetration 
models. The liner anchor behavior simulation was also calibrated to liner anchor pull tests conducted by 
NUPEC. 

Modeling dimensions and boundary conditions of the Liner Anchor Model can be seen in Figure 6-l. 
Radial model length was determined from half of the wall thickness. Tangential distance was 
determined from mid-distance between T-anchors near penetrations (which were scaled one-for-one 
from the full scale prototype). The models were loaded as follows. The liner was strained tangentially 
according to the time history results from the axisymmetric analysis and in accordance with liner 
pressurization. Contact surfaces were applied at all interaction surfaces between the liner/anchor and 
concrete. A sensitivity study was done on the friction coefficient used on these surfaces using 
coefficients of ~~0.2 and p=O.5. The liner end opposite where displacement was applied was fixed from 
in-plane rotation. A sensitivity study was also done on this boundary condition between allowing this 
end to displace tangentially versus a fixed condition. 

Figure 6-2 shows the radial and hoop strains in the liner and anchor at a liner hoop strain that is 
representative of global hoop strains in the cylinder near 3.5 Pd. Strains reach 0.027 and -0.026. 
Figure 6-3 compares these test cases to a liner anchor pull test performed by NUPEC. The analytical 
model results show a somewhat larger force than the NUPEC test results, but the general force- 
deflection behavior is similar. The detailed analytical model of the anchors was, therefore, judged to 
provide reasonable simulation of the interaction phenomena. 

All of the local models use a simplified method of modeling the anchors to simulate the behavior 
exhibited by the more detailed analysis (the Liner Anchor Model). Figure 6-4 shows the geometry of the 
anchor used in the local models. The anchor depth was reduced to 12 mm, and the “root” of this 12 mm 
high web is the point of fixity. An iterative process of modifying the thickness and shear stiffness of the 
anchors was used in order to match the results of the more detailed analysis. The results from the p = 
0.2 and “fixed” case were used as the most appropriate since their stiffness and ultimate capacity most 
closely matched NUPEC’s test data. The thickness of the anchor web is 1.6 mm, whereas in the 
idealized representation in the local models of the penetrations, 6.6 mm was used. This method allowed 
close simulation of the T-anchor behavior using just the bending behavior of a shell element and not 
modeling the anchor/concrete interaction explicitly. Figure 6-5 shows the correlation between the one 
element simulation and the detailed Liner Anchor Model. 

The hoop stiffeners were modeled with a similar technique in the local E/H and P/A models. It was 
determined that that there were no regions of critical hoop stiffeners in the MS model so none were 
included. It is required that the depth of the anchor and the stiffener are equal for modeling purposes. 
The thickness to achieve the actual area for the stiffeners in the local models was calibrated to be 8.4mm 
as opposed to the actual 3.2mm. 
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6.2 Equipment Hatch Analysis 
The 3D concrete and liner model of the Equipment Hatch region (E/H) is illustrated in Figures 6-6 
through 6-8. The grid was developed by generating a concrete mesh based on the tendon layout and then 
joining the embedded edges of the T-anchor webs to the concrete mesh with the *SURFACE attachment 
command in ABAQUS. The upper quadrant around the hatch was selected for modeling in order to 
have a local model completely encompassed by the 3DCM Model. Five layers of concrete elements 
through the wall thickness were used, and the liner was modeled with shell elements so that the liner 
bending and membrane behavior could be studied. Rebar in the concrete wall was modeled with 
ABAQUS rebar subelements, but tendons were modeled explicitly with truss elements and friction truss- 
tie elements as previously described for other models. 

The loading and boundary conditions applied to the 3D E/H Model are shown in Figure 6-7. Only the 
stems of the anchors were modeled. The stem of the anchor elements to which the displacements were 
applied displace as if they are firmly embedded in the concrete. The shear force-deflection behavior of 
the stem in the hoop direction then distributes the deformations to the liner in a manner consistent with 
the liner anchor strength and deflection. Pressure was also applied to the inner liner surface. The 
displacement and pressure conditions were ramped up to those corresponding to 1.57 MPa, 228 psig 
(4 Pd)- 

One of the most complex aspects of the 3D E/H model is the tendon modeling. As previously 
mentioned, significant effort was exercised in the tendon representation in order to: 

(1) Calculate the tendon stress distribution throughout the pressurization sequence 
including the effects of friction; 

(2) Calculate the displacements of the concrete wall correctly, since this drives the 
liner, and thereby refine the prediction of liner strain concentrations. 

Each meridional tendon was modeled with a truss element and with friction truss-ties to adjacent 
concrete nodes as was described for the axisymmetric model dome (Chapter 4) and the 3DCM model 
(Chapter 5). The tie elements (also truss elements) have length equal to the half-diameter of the tendon 
ducts. When the tendon is curved, the truss ties are oriented at an angle of tan-‘(0.21). By assigning this 
system of tendon elements small displacement theory, the friction truss-ties always transmit the exact 
amount of theoretical angular friction force from the tendon to the concrete. When the tendon segment 
being tied is straight, the tie element is oriented perpendicular to the tendon (no friction). Thus, within 
the E/H model, wobble friction along straight runs of tendon is not considered. Wobble friction is 
considered, however, in the calculated estimates of tendon stresses at the boundaries of the models. 
These estimates of tendon stress at the boundaries are identified in Figure 6-8. The friction losses for 
segments of tendons outside the boundaries of the model were based on the formula 

fi = fje-(Pa’k,>, where 

ft = tendon stress reduced due to friction 

fj = tendon stress at the jack after setting losses 

p = 0.21 

k = 1.67 E-5 in-’ (or 6.575 E-6 cm-‘) 
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The generation of the friction tie mesh required development of a special pre-processor. First each 
tendon was located in space by location of the design points of tangency from the PCCV drawings. 
(Generally there are 3 points that define the path of a tendon sweeping around the penetration.) Then the 
program used a least squares fit to compute the equation of each tendon path. 

Next, the program located mathematical points of intersection of each of the tendon equations and 
placed a finite element node at each point. As shown, the vertical tendons were modeled individually 
(one-for-one), but for purposes of reducing the size of the preliminary analysis, the hoop tendons were 
modeled 2-for-l. Since the hoop tendons are laid out in pairs, this approximation is believed to result in 
negligible loss of accuracy. The program then located a friction tie node adjacent to each tendon node 
according to the following mathematical constraints. 

i. tie node lies in plane defined by tendon nodei-,, nodei, and nodei+l; 
ii. vector from tendon nodei to tie node has length equal to the radius of the duct; 
iii. vector from tendon nodei to tie node makes angle of tan-‘(0.21) with the chord 

subtended through nodei- and nodei+, . 

The remainder of the concrete nodes were then generated “around the tendon nodes” with ANAGEN, a 
mesh generator that serves as a pre-processor to ABAQUS. 

The displacement results of the 3DCM model were used to drive the local E/H model with an algorithm 
whereby the local E/H model was subjected to the same average hoop strain history across the local 
model as was exhibited in the 3DCM. This provides the pressure versus “boundary condition” 
correlation. This average hoop strain in the 3DCM was computed as follows: 

E(j = ‘Rm + ARm ‘h 
avg 2R + 54” 

-xITR 
180” 

The same average hoop strain versus pressure was then assumed for the local E/H model. 

Deformation and strain results of the 3D analysis of the E/H are shown in Figures 6-9 through 6-12. The 
deformed shape plot (Figure 6-9) shows that the wall in the E/H region moves out fairly uniformly, 
except that the displacement at the hatch is less than at the buttress. This result contradicts the 3DCM 
model results, but in the authors judgment the overall displacement behavior of the 3DCM governs over 
that of the local model because of the limitations on the boundary conditions applied to the local E/H 
model. 

The tendon stress and strain distributions in Figures 6-10 and 6-l 1 show the friction losses in the vicinity 
of the hatch and the build-up of tendon stresses and strains at high pressure. 

The liner strain contours in Figure 6-12 show severely elevated strains near the ends of the vertical T- 
anchor and the hoop stiffener which terminate near the 3 o’clock position of the edge of the liner insert 
plate. Strains near the vertical stiffener reach 17% at 3.25 Pd. This, as described in Chapter 7, was 
found to be the most likely liner failure location and failure pressure. 
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6.3 Personnel Airlock Analysis 
The Personnel Airlock (A/L) is the second largest penetration in the PCCV model and it is located at the 
62” azimuth, at Elevation 4.525 m. As with the Equipment Hatch, there are liner connection and 
anchorage details near the A/L that cause large strain concentrations; this makes the region near the A/L 
a candidate for a liner tearing failure mode. 

As with the E&I, there are two specific kinds of large strain concentration locations associated with the 
A/L, namely, the zone near the end of a vertical T-anchor (at about the 2 o’clock position, using a clock 
face analogy to represent the penetration) and at the end of a horizontal stiffener, near the 3 O’clock 
position. Both of these details and the tendon and rebar geometries are similar to the Equipment Hatch, 
so much of the modeling discussion of the previous subsection is also relevant to the A/L. The A/L 3D 
local model is illustrated in Figure 6-13. The upper quadrant was modeled so that the model would be 
encompassed by the 3DCM and thereby have appropriate boundary conditions at all edges; and because 
the hoop stiffeners only occur in the upper quadrant. 

Because the A/L is close to a buttress, the local model was extended over to the buttress centerline. This 
allows study of the local strain concentrations near the buttress in addition to those near the hatch. The 
modeling details for the local A/L model are similar to those developed for the Equipment Hatch model. 
The grid of the liner, anchors, and stiffeners, is shown in Figure 6-14. The liner-anchor interaction 
(shear force deflection behavior of the anchors) is modeled identically to the E/H, as is the method of 
attaching the liner/anchor mesh to the concrete mesh. 

The hoop tendons are modeled 2 for 1 just as in the 3DCM and in the E/H local model and the 
meridional tendons are modeled one for one. The rebar generated for the local P/A model is identical to 
the 3DCM, so the reader is referred to Chapter 5 for this information. 

A similar hoop strain versus pressure, boundary condition correlation was used for the A/L local model 
as was used for the E/H. Here the average hoop strain obtained from the 3DCM was the hoop strain at 
Elevation 4.525 m, occurring along the 28 degree arc between the A/L Centerline at 62 degrees and the 
90-degree buttress. This provides the pressure correlation for all of the local A/L analysis results. 

The 3D local model analysis results for the A/L are shown in Figures 6-l 5 through 6- 17. Figure 6-15 
shows deformed shape results, which show that the A/L deforms radially outward about the same 
amount as the buttress. (The A/L moves out more than the buttress in the 3DCM model analysis, and 
this deformation profile is deemed to be the more accurate prediction.) 

Figure 6-16 shows tendon stress and strain contours at 3.75 Pd pressure. Figure 6-l 7 shows liner strain 
and stress contours at 3.75 Pd pressure, which shows that the most elevated liner strain concentration 
(“hot spot”) is predicted to occur adjacent to the hoop stiffener and vertical T-anchor termination points 
(as in the E/H analysis). 

6.4 Mainsteam Penetration Group Analysis 
The Main Stream Penetration (M/S) is the third largest penetration in the PCCV. It consists of a group 
of four penetrations located at the 180” azimuth. As with the Equipment Hatch, there are liner 
connection and anchorage details near the M/S that cause strain concentrations; this makes the region 
near the M/S another candidate for a liner tearing failure mode. 

There is only one specific kind of large strain concentration at the M/S location similar to that associated 
with the A/L and E/H, namely, the zone near the end of a vertical T-anchor (at about the 1:30 o’clock 
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position, using a clock-face analogy to represent the penetration). There are no terminations of hoop 
stiffeners on the 1.6 mm liner plate in this region, so this strain concentration does not exist for the M/S. 
Much of the modeling discussion in this chapter refers to the more detailed description of the similar 
modeling described earlier in this chapter for the E/H and the AL 

The M/S 3D local model is illustrated in Figures 6-l 3 and 6-19. The choice of extent and modeling 
strategy for the local M/S model are itemized below. 

(1) Upper quadrant so the model would be encompassed by the 3DCM and thereby 
have appropriate boundary conditions at all edges; 

(2) Also upper quadrant because the critical liner anchor terminations only occurs in the 
upper quadrant; and 

(3) No tendons pass through this section so none were modeled, yet the edges of the 
model are still sufficiently far away to capture to St. rain concentration. 

The modeling details for the local M/S model are similar to those developed for the Equipment Hatch 
model. The grid of the liner and anchors, is shown in Figure 6-19. The liner-anchor interaction (shear 
force deflection behavior of the anchors) is modeled identically to the E/H, as is the method of attaching 
the liner/anchor mesh to the concrete mesh. The rebar generated for the local M/S model is identical to 
the 3DCM, so the reader is referred to Chapter 5 for this information. 

Unlike the E/H and A/L, which were given symmetry boundary conditions on both vertical boundary 
planes, the M/S was loaded directly with displacement versus pressure histories at each node along the 
boundaries of the model. These pressure histories (different at every node and in all three degrees of 
freedom) were obtained directly from the 3DCM. The end result of the average hoop strain correlation 
approach used for the E/H and A/L is believed to be the same as with the direct application of 
displacements to nodes used in the M/S model. 

The 3D local model analysis results for the M/S are shown in Figures 6-20 and 6-21. Figure 6-l 5 shows 
deformed shape results, which show that the M/S model deforms radially outward fairly uniformly 
across the model. 

Figure 6-21 shows liner strain contours, which shows that the elevated liner strain concentrations (“hot 
spots”) are predicted to occur near the vertical T-anchor termination. Peak strains at 3.8 Pd are only 
about 5%, which are generally lower than for the E/H or the AL 
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al. inp Figure 6-16. A/L Hoop Tendon Stress and Strain Contours at Pressure = 3.75 Pd 
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7.0 COMPARISONS AND CONCLUSIONS 

7.1 Comparisons of Strains and Displacements in All Models 
Each of Chapters 4, 5, and 6 discussed results of different models and drew conclusions on the failure 
modes for that region of the PCCV. This chapter merges these results into a response prediction for the 
whole structure. To do this requires comparison of the different model results and development of a 
failure sequence or ranking of the possible failure modes by pressure at which they can occur. Round 
Robin participation also required synopsis of particular pressure milestones as follows: 

Table 7- 1. 1:4 Scale PCCV Pretest Prediction Analysis Table of Response Events and Pressure Milestones 

Event How Derived MPa Wg) Pd 

Multiple 
(1) First cracking of concrete in cylinder due to hoop 3DCM Model 0.59 (86) 1.50 

stresses (occurs adjacent to buttresses) 
(2) First cracking of concrete in cylinder due to meridional global axisym. 0.57 (82) 1.4 

stresses (occurs at wall-base juncture) model 
(3) First yield of rebar in hoop direction of cylinder (occurs 3DCM 0.86 (125) 2.2 

near buttresses) 
(4) First yield of rebar in meridional direction at wall-base global axisym. 1.10 (160) 2.8 

juncture 
(5) First cracking of concrete in dome above 45” dome global axisym. 0.86 (125) 2.2 

angle 
(6) First cracking of concrete in dome below 45” dome global axisym. 0.94 (137) 2.4 

angle 
(7) Hoop tendons reaching 1% strain (barrel mid-height) 3DCM 1.18 (171) 3.0 

(8) ” ” ” 2% strain ” ” 3DCM 1.27 (185) 3.2 
(9, It 11 11 3% strain ” ” 3DCM 1.32 (192) 3.4 

7.1. I Comparisons of Global Axisymmetric to 3DCA4 Results 
The most fundamental response component which is likely to drive the failure of the PCCV model is the 
radial expansion of the cylinder. The radial displacement behavior of the 3DCM was compared with the 
radial displacement of the axisymmetric analysis in Figure 5-10. This comparison showed a similar 
trend and, up to a pressure of 3x Pd, close agreement between the 135” azimuth of the 3DCM and the 
axisymmetric prediction. There are two important differences after 3 x Pd, however, which directly 
influence the failure, prediction: 

(1) By modelin, 0 the full 360” in three dimensions, the 3DCM model shows the 
variations in radial displacement with azimuth (large non-axisymmetry) and 
circumferential bending near the buttresses which are not represented by the 
axisymmetric model. This causes more local yielding and plastic deformation than 
the axisymmetric model predicts, and therefore, larger displacements at some 
azimuths. 

(2) Representing the complete tendon paths allows the 3DCM model to represent 
anchor set losses and the proper tendon stress distribution. This has allowed 
simulation of larger than average stress/strain in the tendon and earlier tendon 
yielding and earlier rupture than is predicted in the axisyrnmetric model. 

Based on these comparisons, the axisymmetric analysis results are judged to provide an accurate 
representation of the PCCV model behavior up to about 3 x Pd, and then prediction of the average 
response of the vessel when “averaged” around all azimuths. Therefore, for most of the Standard Output 
Location predictions (see the Appendix), the axisymmetric analysis is used. But, for predictions at 
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azimuths other than 135” and at elevations included within the 3DCM, the 3DCM results are used for 
the analysis standard output predictions. 

Oualitative Assessment of Failure Pressure 
The ANATECWSandia Analysis and failure predictions are based on two distinct models and analysis: a global 
axisymmetric analysis and the 3DCM model. Because there are uncertainties with either analysis, but the 3DCM 
model reaches a limit-state at lower pressure than the axisymmetric model due to the inclusion of three 
dimensional effects, we believe the failure predictions based on the two distinct models make reasonable upper 
and lower bound confidence bands on failure pressure as follows: 

l Minimum pressure reachable with 90% confidence: 1.18 MPa, 3.0 Pd (based on 3DCM and 
local models) 

l Maximum pressure reachable with 90% confidence: 1.42 MPa, 3.60 Pd (based on the global 
axisymmetric analysis and a 2% global hoop strain criteria as an upper limit). 

7.1.2 Comparisons of the Local Models 
To compare- the high liner strain locations first requires comparisons of the driving strains of the local 
models. These comparisons are provided in Figure 7-1, which shows an estimate of the “driving strain” 
at the peak liner strain locations. The curves are constructed as follows: 

a. E/H: average hoop strain across the E/H local model, or the equivalent hoop strain 
driving the E/H region; 

b. A/L: average hoop strain across the A/L local model; 

k. 
M/S: radial displacement of the M/S, u,,,* divided by R 
Meridional strain at the wall-base juncture (including bending effects) 

e. Hoop strain at the edge of the 90” buttress (including bending effects) 

The formula for deriving the “average hoop strains” of the local models was described in Chapter 6. It 
can be noted that the buttress location is actually the largest of the “driving strains” in the model. 

Figure 7-2 compares the peak strains at the same locations. For the NL and E/H, there are two curves 
each because there are two kinds of strain concentration geometries at each location. (This is described 
in more detail in the next sub-section.) The peak strain at edges of buttresses is amplified by the 
presence of hoop stiffener splices at vertical weld seams in the liner. While this detail has not been 
specifically modeled, from experience with similar details in other structures, the strain concentration 
factor at such details is approximately equal to 3. Also, based on preliminary analysis work, a strain 
concentration exists at the wall-base juncture with a strain concentration factor of approximately 2. 
Thus, the peak strains near penetrations are pulled directly from local model analysis, and the curves for 
locations 1 and 5 are created by amplifying curves d and e of Figure 7-l by concentration factors of 2 
and 3, respectively. These important plots support the following observations. 

(1) At high pressures, the E/I-I has the largest strain concentrations and peak strain; 
(2) The concentrations near the ends of the hoop stiffeners are nearly equal to those 

near the ends of the T-anchors, but the concentration is largest near the T-anchor 
(Location 3); 

(3) At pressures greater than 3 P,.J, the A/L locations rank third and the M/S locations 
rank fourth. The A/L strain concentration is largest at the vertical T-anchor. 
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7.2 Comparisons and Ranking of Potential Failure Modes 
With the analyses completed and results tabulated and plotted, final comparison and ranking of failure 
modes requires a return to the structural drawings and a review of observations of the as-built structural 
details. This review is summarized in the drawing excerpts in Figures 7-3 through 7-9. Figure 7-3 
shows sample locations of the liner Strain Concentration Locations (SCL) that have been identified, and 
categorizes them as follows: 

Potential Liner Failure Locations 
m] Description 
1. 

2. 

3. 

4. 

5. 

Horizontal Stiffener Splice Straddling a Vertical Liner Seam: These locations occur at dozens of 
locations in the model. They can be a straight connection or at a slight-angle re-entrant corner as 
shown in “D-D” of Figure 7-3. The sudden gap in the hoop stiffener at the “rat-hole” (needed for 
welding electrode access) tends to cause a strain riser near the liner seam weld zone, which is 
already somewhat less ductile than the virgin liner material. 

It should be noted that this is still an incomplete list; for example, strain concentrations are also known 
to occur at the crane rail attachment points and at the many horizontal welded seams coincident with 
vertical T-anchor splices. Locations such as these were eliminated from consideration early in the 
analysis work because of the relatively low “driving strains ” that occur at these locations. Thus, to be 
placed on the list of competing failure locations requires occurrence of a strain concentration detail 4 a 
significant driving strain. 

Figures 7-4 through 7-9 inventory the occurrences of these SCLs. Again, only locations with significant 
driving strains coincident with the SCL detail are identified. The locations shown in the figures are 
itemized below. 

Figure 
7-4 

Description 
Three Type 1 located at 95” azimuth (edge of buttress), and two (x2 for other side) Type 1 at 
edge of A/L embossment. 
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Horizontal Stiffener Termination on the 1.6 mm Liner Near Thickened Insert Plate. This is a 
“double” concentration caused by the hoop stiffener termination in a zone already subject to 
strain concentrations due to the adjacent material thickness change. These locations are always 
further exacerbated by the presence of the weld to the insert plate and the weld of the stiffener to 
the 1.6 mm liner. 

Vertical T-Anchor Termination on the 1.6 mm Liner Near Thickened Insert Plate. Similar to 
SCL 2, except the vertical T-anchor is a stronger embedment (due to the T-flange) than that of 
the hoop stiffener. The T-anchor, however, does not carry hoop stress; the sudden transfer of 
hoop stress from stiffener to liner which is an additional source of strain concentration in SCL 2. 

Severe Acute Angle Weld Splices. These occur at the confluence of normal splicing of liner 
segments with the edge of a penetration, such as is shown for the mainsteam penetrations in 
Figure 1 l-6 or as occurs at the corners of the embossed regions of the E/H and A/L. 

Wall-Base Juncture Liner Connection Detail. Proximity to vertical T-anchor termination and to 
rigid basemat embedment cause strain concentration. The liner is not spliced here, however, so 
presumably, it retains its full ductility. 



7-5 Six (x2 for symmetry) Type 1 at edge of E/H Embossment, and eight Type 1 at 275”/265” 
azimuth (edge of buttress). 

7-6 Four Type 2 near 3 o’clock position of A/L; three Type 3 near 2 o’clock and 1:30 o’clock 
positions of A/L; four Type 4 at comers of embossment. 

7-7 Four Type 2 near 3 o’clock position of A/L; four Type 3 near 2:30 o’clock positions of E/H; 
four Type 4 at comers of embossment. 

7-8 Two Type 3 and two Type 4 near M/S Penetrations. 

7-9 Two Type 3 and one of Types 1,2 and 4 near F/W Penetrations. 

7.3 Final Failure Predictions 
This chapter has itemized the locations on the liner where high strains occur and has shown that Strain 
Concentration Type 3 (near the termination of the vertical stiffener) at the E/I-I develops the highest 
strain during the pressure range, 3.0 Pd to 3.4 Pd. In addition to this itemization, a thorough review of 
rebar strains, concrete strains and shear damage, and tendon stresses and strains has been conducted vis- 
a-vis each of the failure criteria described in Chapter 3. The result of this review did not reveal any 
failures in any structural components except in the liner. The liner failure pressure is calculated by 
comparing the strain versus pressure history in Figure 7-2 to the failure strain calculated from Equations 
3-6 and 3-8. An additional factor of 0.6 is also applied to the Davis Triaxiality criteria because the peak 
liner strains are located in the vicinity of full penetration welds of the 1.6 mm liner to the thickened 
insert plate. (Development of this factor was also described in Chapter 3.) The final failure strain at the 
E/H location which coincides with the strain prediction is 

Failure Strain = Calculated Strain = 0.162 

This strain is calculated to occur at Pressure = 3.2 Pd, 1.25 MPa (185 psig). 

This chapter has also presented a list of other candidate strain concentration locations. These are ranked 
in order of the pressure at which the analyses predict them to occur as follows: 

(1) E/H near vertical T-anchor termination (as listed above -4 locations Type 3); 
(2) E/I-I near horizontal stiffener termination (4 locations, Type 2); 
(3) Near a weld seam with hoop stiffener rat-hole, 5 degrees from the centerline of 90 

degree buttress (i.e. 95 degrees); 
(4&5) Similar to 1 and 2, but near the A/L (7 locations, Types 3 and 2); 
(6) Similar to 1, but near the M/S penetration (2 locations, Type 3); 

(7) Similar to 1 and 2, but near the F/W penetration(3 locations, Types 3 and 2); 
(8) Strain concentration Location Type 4 near F/W penetrations, M/S penetrations. 

and near E/H and A/L as shown in Figures 7-3 through 7-9. 

The analysis then shows that a tendon rupture is likely at 3.5 Pd for the tendon closest to the E/H, so this 
event/pressure milestone is predicted to be an upper bound on the failure pressure prediction. It should 
be noted, however, that a tendon rupture failure mode is predicted to be precluded by one or more of the 
liner tears which will lead to very large leakage rates and depressurization of the vessel. 
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Figure 7-8. Strain Concetration Type 3,4 Near M/S Penetrations 
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